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I. On the new Contact Theory of the Galvanic Cell. 
By J. A. Fremina, B. Sc., F. C. S. 


Tue contest that has for so long been waged between the sup- 
porters of the two theories of the galvanic cell, the contact 
and the chemical, cau hardly be said to have been brought even 
now to a decisive issue. For although the contact theory, as 
originally proposed by Volta, received a fatal blow when the law 
of conservation of energy became clearly understood, yet in its 
place a new contact theory has arisen, supported by novel and 
important experimental evidence, which has again been placed 
by recent writers on electrical science in formidable opposition 
to its old rival. 

The old contact theory of Volta had its origin in an entire 
ignorance of the science of energy. It simply referred the cur- 
rent produced through the circuit of a pile to the effect of the 
metallic contacts, and it ignored the thermal and chemical 
changes which are also necessarily present; but it had to be 
finally abandoned when once it became clearly understood that 
the appearance of a current involved the disappearance of some 
other energy, actual or potential, as an invariable accompani- 
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ment. The new contact theory may be said to have had its 
source in the discovery of Sir W. Thomson, that there is un- 
doubtedly a difference of potential produced when dissimilar 
metals are placed in contact—a fact not only abundantly proved 
by Thomson by direct experimental evidence, but, as he has 
pointed out, confirmed in a remarkable way by the phenomena 
of the Peltier effect, which, when interpreted by the dynamical 
theory of heat, furnish the most reliable measure of its amount. 
These facts, together with others presently to be referred to, 
have been made to furnish the key to a fresh explanation of the 
dynamics of the galvanic cell, which I have ventured to call 
the new contact theory, as opposed to the old or voltaic one. 

It is not possible, however, to define in a few words the pre- 
cise details of the new theory; they can only be arrived at by 
collecting together the statements as we find them laid down by 
their authors. The object of the present paper is to draw the 
attention of those interested in this question to the objections 
that may be raised against this new contact theory—objections 
based on facts, some old and some which perhaps may prove new, 
but all of which alike seem to throw fresh difficulties in the way 
of this theory, although capable of simple explanation by the old 
chemical hypothesis. It will be necessary then to review briefly 
the precise statements of this new contact theory, in order to 
show exactly what are the points against which objection may 
be taken. This will be best accomplished by collecting the 
statements of its principal supporters and arranging together 
their explanations of the phenomena which arise 

(1) when dissimilar metals at the same temperature are placed 
in contact, 

(2) when one insulated metal is placed in a liquid eapable of 
acting chemically upon it, 

(3) when two different metals are placed insulated and uncon- 
nected in one such liquid, 

(4) when the two metals are joined across by a metallic are or 
when two or more cells are joined up in series. 

1. That the contact of metals is always attended with the 
production of a difference of potential between them was for a 
long time denied by ardent supporters of the chemical theory. 
De la Rive endeavoured to show that the effects observed might be 
attributed to oxidation ; but his experiments are not conclusive ; 
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and to Sir W. Thomson belongs the credit of having established 
the fact by experiment, irrespective of his theoretical deductions 
from the facts of thermoelectricity. He thus describes his de- 
cisive experiment 

6A metal bar insulated so as to be movable about an axis 
perpendicular to the plane of a metal ring, made up half of cop- 
per and half of zinc, the two halves being soldered together, 
turns from the zinc towards the copper when positively elec- 
trified, and from the copper towards the zinc when negatively 
electrified’’*. The difference of potential he finds to be about 6 
or 7 of that of a Daniell’s cell when the metals are perfectly 
clean ; but by oxidation of the copper it may be made equal to 
or even greater than that of a Daniell’s cell. He has also shown 
that if zinc and copper cylinders be connected by a wire, the 
electrometer detects a difference between the potentials of the 
air in the interior, and, lastly, that if copper filings be allowed 
to fall from a copper funnel in contact with a vertical zinc cy- 
linder, they convey a negative charge to a receiver placed below. 
Sir W. Thomson concludes that there is sufficient evidence to 
show that zinc and copper attract one another chemically at any 
distance if connected by a fine wire, and that, as Professor Tait 
remarka, “when any two bodies of different kinds are brought 
into contact, there is a certain amount of exhaustion of the po- 
tential energy of chemical affinity between them, and that the 
equivalent of this is, partly at least, developed in the new poten- 
tial form of a separation of the so-called electric fluids, one of 
the bodies receiving a positive, the other a negative change, 
the quantity depending on the nature and form of the bodies“ f. 

This is equivalent to saying that at the surface of contact 
there is perpetually a force tending to separate the two electri- 
cities in a direction perpendicular to that surface, while at all 
points ever so little within it there is no such force. 

Professor Maxwell reiterates essentially the same facts. He 
gives Thomson’s proof that the electromotive contact-force at a 
junction of two metals is represented by PJ, where P= the co- 
efficient of the Peltier effect, or the heat absorbed at the junction 
due to the passage of a unit of current for a unit of time; and J 
is Joule’s equivalent. He remarks that the electromotive force, as 

* Reprint of papers on Electrostatics and Magnetism, p. 316, § 400. 


t Thermodynamics, p. 62, § 107. 
B 2 
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determined by this method experimentally, does not account for 
the whole electromotive force of a simple couple. This latter is 
in general far greater than that given by the Peltier effect for 
the same pair of metals. Hence the greater part of Volta’s 
force must be sought for, not at the junctions of the two metals, 
but at one or both of the surfaces which separate the metals 
from the air or other medium which forms the third element of 
the circuit”’*, ; 

Professor Jenkin, referring to these experiments of Thomson, 
adds that In cases where no known chemical action occurs, as 
where zinc and copper touch each other, and yet difference of 
potential is produced, since this involves a redistribution of elec- 
tricity, a small but definite consumption of energy must then 
occur; the source of this power cannot yet be said to be known. 

2. It seems to be universally admitted that when an insu- 
lated metal is placed in a liquid capable of acting chemically 
upon it, a difference of potential is produced between the metal 
and the liquid, a sudden rise in potential taking place in pass- 
ing from the metal-surface to the liquid in contact with it, or 
that the metal becomes negatively and the liquid positively elec- 
trified, metals differing in the degree of electrification they can 
produce with any one electrolyte. ä 

3. But if we ask what are the conditions when two different 
metals are so immersed, we find the most contradictory state- 
ments given. Sir W. Thomson expresses his opinion thus in 
1862 :—‘ For nearly two years I have felt quite sure that the 
proper explanation of voltaic action in the common voltaic 
arrangement is very near Volta’s. I now think it quite certain 
that two metals dipped in one electrolytic liquid will (when po- 
larization is done away with) reduce fo dry pieces of the same 
metals when connected each to each by metallic arcs to the same 
potential” f, which seems equivalent to saying that there is no 
difference of potential produced other than that due to dissimilar 
contact. Thus also Professor Tait :— By interposing between 
two metals which have been electrified by contact a compound 
liquid or electrolyte, these metals are at once reduced to the 
same potential—a result which could not have been obtained by 

-* Treatise on Electricity and Magnetism, vol. i. p. 302. 


t Electricity and Magnetism, p. 55. 
t Electrostatics, p. 317, $ 400. 
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connecting them by any metallic conductor. By the passage of 
the electricity a portion of the electrolyte is decomposed, and 
the potential energy thus developed is equal to that possessed 
by the electricity while separated in the metals“ *. 

Professor Jenkin advocates essentially the same views :— 
c When two dissimilar metals are plunged side by side into a 
liquid such as water or dilute sulphuric acid, they do not exhibit 
any sign of electrification; the three materials remain at one 
potential, or nearly so. If while the two dissimilar metals are in 
the liquid they are joined by metallic contact to terminal pieces 
of one and the same metal, these terminal pieces will be brought 
to the same difference of potentials as that which would be pro- 
duced by direct contact between the dissimilar metals“ T. This 
amounts simply to saying that, as long as no wires are attached 
to the plates of a single cell, there is no difference of potential ; 
but that when wires are joined on, the observed difference of 
potential is due to the contact of the wire with that metal plate 
to which it is dissimilar. 

Again :—“ When a single metal is placed in contact with an 
electrolyte, a definite difference of potentials is produced between 
them ; zinc in water becomes negative, copper in water becomes 
negative, but less so than zinc. If, however, the two metals are 
plunged together into water, the copper, zinc, and water forming 
a galvanic cell, all remain at one potential, and no charge of 
electricity is observed on any part of the system.” “Ifa piece 
of copper be now joined to the zine, it (the copper) will become 
negative, and the other copper plate positive, the difference of 
potentials being that due to the direct contact between the zinc 
and piece of copper only, the water having the effect of simply 
conducting the charge from the zinc to the copper plate and 
maintaining them at one potential“ T. 

The foundation for these statements is found apparently in an 
experiment due to Sir W. Thomson. He finds that if half-disks 
of zinc and copper be arranged under a movable metallic needle 
maintained at a high positive potential, if they are connected by 
a wire or by contact, the needle moves in such a way as to show 
that the copper is negative and the zinc positive; while if they 


* Thermodynamics, p. 66, § 116. 
t Electricity and Magnetism, p. 22. 
t Electricity and Magnetism, p. 44. 


6 MR. J. A. FLEMING ON THE NEW 


are separated by a slight interval and connected by a drop of 
water, no difference of potential is observed. Professor Jenkin 
also lays great stress on the fact that, whereas copper in contact 
with zinc becomes negative, in a single cell with wires attached 
it is the wire attached to the zinc that shows a negative poten- 
tial. This he holds to be conclusive that the junction of the 
wire with the zinc plate is the real seat of the electrical separa- 
tion; although he admits that there may be a slight difference 
due to the liquid, and that different liquids may augment or de- 
crease this difference. 

In another place he says:—‘If the voltaic theory of the 
cell were absolutely correct, the electromotive force of the cell 
would depend wholly on the plates in the electrolyte, and not at 
all on the solution employed to connect them“ x. But it has been 
found that the potential series of the metals is slightly changed 
by the solution employed to join the plates: in order to account 
for this fact it is necessary to treat the voltaic theory as incom- 
plete. He adds, however, that the potential series of the metals 
for water, dilute acids, and ammonic chloride do not differ so 
much as to invalidate the theory, although the series for alkaline 
sulphides is quite different and anomalous f. 

4. When the two plates in one electrolyte are joined by a 
wire, or when simple cells are joined up in series and the circuit 
closed by a wire, we find it stated that there is a constant sepa- 
ration of the electricities at the point of contact of different 
metals and a constant recombination, attended with decomposi- 


* Electricity and Magnetism, p. 215. 

t It may be remarked in passing, that this identity of the potential 
series for different acids may perhaps arise from a different cause, and not 
be altogether such a proof of the contact theory as Professor Jenkin con- 
cludes it is. Andrews has shown that, when one metal combines chemically 
with different acids, the amount of heat liberated is the same, or nearly so. 
Hence, if the metals be arranged in the order of their heat-producing power 
when combined with the same acid, that order will remain the same for 
most other acids. But the order is quite different when the metals are 
combined with sulphur or oxygen. It is true that this order is not the 
electrochemical one; but various causes may interfere to disturb it. At 
any rate it is sufficient to show that this fact of the partial identity of the 
potential series for different acids cannot by any means be claimed as con- 
clusive of the contact theory. Moreover, although the order may be the 
same for the different liquide, we do not know that the coefficients are the 
same for each metal in every dilute acid. 
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tion, through the electrolyte. ‘‘ Perhaps it is strictly accurate 
to say that the difference of potential is produced by the contact, 
and that the current which is maintained by it is produced by 
chemical action“ . And, lastly, that in a series of cells the 
electromotive force is due to the sum of the differences of poten- 
tial produced by all the contacts. 

The above quotations may be taken as affording the plainest 
notion of the new contact theory; and it will be seen that its fun- 
damental propositions are briefly these :— 

I. That two plates of different metals in one liquid are at the 
same potential when insulated and separated; i. e. there is no 
difference of potential due to chemical affinity. 

IT. In acell series the gradual rise in potential, or the electro- 
motive force, is due only to the dissimilar metallic contacts. 

III. The chemical action in the battery is the result rather 
than the cause of the difference of potential, and is looked upon 
as an accompanying action rather than as the actual creator of 
the current, it having little or no share in the production of the 
difference of potential between the terminals. 

These are, I venture to think, points not to be admitted as 
proved without further inquiry, and against which, as I shall 
hope to show, some grave if not insuperable objections may be 
urged, founded on other experimental evidence. 

The first question to be settled is, then, whether in a series 
of cells the whole of the difference of potential between the ter- 
minals is due to the contacts, as above stated, or whether any 
portion is due to the tendency towards chemical combination 
existing between the metals and the electrolytes; and, as a con- 
sequence, whether in a single cell the plates are at the same 
potential or at different potentials, owing to the difference of 
chemical action upon them. Now I think this point will be 
sufficiently proved if we can establish by experiment, (i) that a 
battery of cells can be constructed without any dissimilar me- 
tallic contacts and with terminal plates of the same metal, and 
which shall yet exhibit difference of potential and continuous 
current; for if this is possible, it must follow that chemical 
affinity alone is capable of creating electromotive force as well as 
of maintaining a current, and that, in an ordinary cell-series, 
some part at least of the electromotive force is due to this cause, 

* Electricity and Magnetism, pp. 53-55. 
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whilst the remainder is the result of the metallic contacts that 
may exist. Or (ii) if we can establish directly that the two 
plates in one cell are not at the same potential, as stated by 
more than one authority. 

With regard to the first point, it will be N that an 
old experiment of Faraday’s proved that a current can be main- 
tained and decomposition effected by a single cell where there is 
no dissimilar contact. It is not easy to see how this experiment 
can be explained by any form of contact theory; indeed it ap- 
pears unanswerable. But in order to leave no point unsettled 
by experiment, it seemed desirable to try and arrange a series of 
cells in which all dissimilar contact was absent, so that the dif- 
ference of potential due to chemical action might be separated 
from that due to the contacts and rendered visible by the elec- 
troscope. 

It is obvious that we can make no attempt to do this unless 
we can in some way or other obtain a battery with terminals of 
the same metals; for otherwise the very junctions with the electro- 
scope introduce what we want to eliminate, viz. dissimilar metallic 
contact. But the following is a method by which this can be 
accomplished. If plates of lead and copper be placed in nitric 
acid the lead is positive to the copper, since it is most acted 
upon ; but if lead and copper be placed in solutions of alkaline 
persulphides, then the copper is most readily acted upon and is 
positive to the lead ; that is, the positions are reversed. 

Now, if we place in a cell A dilute nitric acid and a copper 


Fig. 1. 
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and a lead plate, we cannot join up another cell of the same sort 
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in series without introducing contact. But if, instead of using 
a cell containing acid, we place next A a cell, B, containing sodic 
pentasulphide, and bend over the lead plate of A to dip into the 
liquid in B, and place in B also a copper plate, we shall then 
have two cells joined up in series without dissimilar contact and 
with similar metals for terminals; and yet the action of the 
liquids on the metals is such that in A the lead is positive to the 
copper Cu, and in B the copper Cu“ is positive to the lead. 
Hence there is a regular rise in potential in passing through 
the two cells; and on joining Cu Cw’ by a copper wire a current 
flows through both cells in the same direction, and the general 
effect is to urge round a current in the direction shown by 
the arrows. It is obvious that we need not limit ourselves to 
two cells. By forming a pile of alternate cells filled with acid 
and alkaline persulphide, connected by bent copper and lead 
plates alternately (fig. 2), we shall be able to accumulate differ- 


Fig. 2. 
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alkaline cells be equal, we shall always end with a plate similar 
to that with which we began. Such a battery will exhibit a 
difference of potential between its two terminals when the circuit 
is opened, and will give a current when it is closed. In it we 
have nothing but chemical action to rely upon both for creating 
electromotive force and for maintaining the current. We have no 
dissimilar contacts ; and as the terminal plates are similar, we can 
effect the junctions with the electroscope without introducing an 
unbalanced dissimilar contact. I have constructed such a bat- 
tery of 60 cells; and by the kindness of Professor Guthrie, to 
whom my thanks are due, I have been permitted to compare its 
potential with that of a Daniell’s cell, by means of a quadrant 
electrometer belonging to hislaboratory. By this means it is at 
once seen that the difference of potential increases proportionally 
to the number of cells, the electromotive force of four cells being 
about equal to that of one Daniell. Joined up with a galvano- 
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meter it indicates a current, which, however, rapidly falls off in 
strength, owing to the formation of an insoluble cupric sulphide 
upon the copper plates. Joined up in opposition to a single 
Daniell’s cell, with a galvanometer included in the circuit, I find 
that it requires from four to five cells to balance the force of the 
Daniell at first immersion; but after leaving it to work on short 
circuit for 23 hours its electromotive force had fallen off 50 per 
cent.; it then required about 8 cells to bring the needle to zero. 
This gives for the electromotive force of two cells at first about 
5 of a volt; or the whole sixty cells are equal nearly to 15 Da- 
niell’s cells. It readily effects the decomposition of many elec- 
trolytes, and exhibits therefore every property of an ordinary cell- 
series. Above all, it will be noticed that since there is a regular 
rise in potential in passing from cell to cell, and as all parts of 
each plate must be at the same potential, that rise can only take 
place at the surfaces where the active metals are in contact with 
the electrolyte (that is,at the seat of the chemical action), and that 
therefore two metals in one electrolyte cannot be at exactly the 
same potential. But I find that more direct evidence still of this 
fact is to be found in an experiment of Faraday’s, which seems 
to have escaped the notice of the contact theorists. 

In his ‘Experimental Researches’ he gives the following fact. 
“I took a voltaic apparatus, consisting of a single pair of large 
plates, namely a cylinder of amalgamated zinc and a double cy- 
linder of copper. These were put into a jar containing dilute 
sulphuric acid, and could at pleasure be placed in metallic com- 
munication by a copper wire connecting the two plates. Being 
thus arranged, there was no chemical action whilst the plates 
were not connected; on making the contact a spark was ob- 
tained. In this case it is evident that the first spark must have 
occurred before metallic contact was made, for it passed through 
an interval of air; and also that it must have tended to pass 
before the electrolytic action began, for the latter could not take 
place until the current passed, and the current could not pass 
before the spark appeared.“ Hence, he says, “I think there 
is sufficient proof that the zinc and water were in a state of 
powerful tension previous to the actual contact“ *. It is difficult 
to reconcile this with the experiment of the half disks and drop 
of water made by Sir W. Thomson. But, at any rate, a consi- 

* Experimental Researches in Electricity, Series viii. J 956. 
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deration of the whole of the facts would seem to point out that 
the only safe conclusion is, that in any series of cells of any sort 
the electromotive force is a complex effect, being due to the alge- 
braical sum of all the differences of potential due to dissimilar 
contacts plus the algebraical sum of the differences of potential 
due to the chemical affinities of the metals and electrolytes minus 
any opposing force due to polarization &c.; and that so far 
from being the exclusive cause, the contacts can only be said 
strictly to have a share in producing the difference of potentials 
between the extremities of a battery*. And, lastly, we may with 
advantage compare the statements of the contact theory with 
certain other well-ascertained facts. Such statements, for in- 
stance, as these :—“ If we close the circuit by connecting the 
metals by a wire, we then have constant separation of electricities 
at the point of contact of different metals, and constant recom- 
bination attended with decomposition through the electrolyte” T. 
6 The electricities separated at the metallic junctions recombine 
through the water,” “ whilst the current flows the water is de- 
composed’’},—which seem based on the assumption that the 
principal seat of the electrical actions is not to be looked for at 
the seat of the chemical actions. But, now, how does this fit in 
with those cases of electrochemical inversions noticed by De la 
Rive, where the direction of the current in a cell is reversed by 
simply diluting the electrolyte. Thus zinc is negative to tin in 
strong nitric acid, and mercury negative to lead; but in weak 
nitric acid the positions are reversed. Hence, if couples be formed 
of these metals in strong nitric acid, and the acid be gradually 
diluted, the current first ceases and then is reversed in direction. 

Here, without altering the metallic junctions, we can at plea- 
sure alter the direction of the current, and therefore also the 
direction of the fall in potential, since the current must flow 
from high to low potential. This seems conclusive that the 
chemical electromotive force must be even greater than the con- 
tact electromotive force. This reversal of the current, by chan- 
ging the seat of the chemical activity, may be shown in another 
way, depending on the application of a very old principle. If 


* Amounting in a Daniell’s cell perhaps to 60 or 70 per cent. of the 
whole electromotive force. 

t Tait, ‘Thermodynamics,’ § 116. 

+ Jenkin, ‘ Electricity and Magnetism,’ p. 54. 
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plates of copper and clean iron be connected by copper wires with 
a galvanometer, and the iron rendercd passive by immersion for 
a moment in strong nitric acid, then if these plates are plunged 
into dilute nitric acid the galvanometer indicates a strong current 
going through the cell from the copper to the iron. If they 
be removed for an instant and the iron plate touched, on again 
immersing the current is found to be reversed. Or we may 
again change the conditions, and notice that it is not sufficient 
to have merely two different metals and an electrolyte to form a 
cell. If plates of pure gold and platinum be placed in nitric 
acid, the most delicate galvanometer detects no current, and the 
same for many other pairs of metals and electrolytes. 

Here we have contact of different metals producing its differ- 
ence of potential; yet no current flows round“ decomposing the 
electrolyte,” as, according to the contact theory, it should do; 
but the instant we give play to chemical combination the ordi- 
nary results ensue. If the extremities of the copper wires from 
a galvanometer be attached to iron plates, and these plunged 
into separate cups of dilute nitric acid, on making connexion 
between the two cups by a bent iron plate dipping into each no 
current is detected. On making one limb of the connecting 
plate passive and re-immersing, a strong current is visible; and 
we find that we have the direction of the current completely 
under command by making any of the four plates more or less 
acted on than the other three. 

If these experiments are to have any importance attached to 
them, it can scarcely be doubted that they land us in conclusions 
similar to the others, namely: that we must look for the principal 
source of the electrical disturbance at that place where the 
greatest chemical activity is being brought into play; and that 
whereas contact of metals is in itself productive of definite elec- 
trical separation, there is in the battery another cause assisting 
in the production of difference of electrical potential between the 
terminals, viz. the potential chemical combination between the 
metals and electrolytes existing when the circuit is open—the 
energy of the current produced when the circuit is closed being, 
of course, the equivalent of this potential energy which dis- 
appears. 
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April 18, 1874. 


If. On Wind-pressure in the Human Lungs during Performance 
on Wind Instruments. By Dr. W. II. Stone. 


Tue object of these experiments was originally physiological. 
It had been stated by many writers that the forced expiration 
employed in playing tended to produce emphysema of the lungs ; 
but the real amount of such pressure had never been measured. 

The facts elicited had also an interest of a purely physical 
character, which was the principal cause of their being brought 
before this Society, although, the writer of the paper remarked, 
it was on the border-ground between two great subjects of study 
that new phenomena were often to be looked for. 

The experiments were two in number. The first aimed simply 
at measuring, by means of a water-gauge, the extreme pressure 
which could be supported by the muscles of the lips, both in 
trained musicians and in persons unaccustomed to the con- 
tinuous exercise of these orgaus. The difference between dif- 
ferent individuals was very great, some untrained persons 
having naturally considerable muscular power. About 6 feet 
of water was the ordinary maximum when a small tube was 
inserted between the lips. When the lips were supported by a 
cupped mouthpiece, such as is used for brass instruments, a 
greater height of the column could be obtained. The great 
majority of untrained persons could not support more than 
three or four feet of water. It was to be noticed that the lip- 
muscles invariably gave way long before the expiratory power 
of the thoracic muscles was exhausted. By pinching the lips 
round the orifice of the tube with the hand, and thus prevent- 
ing their yielding, a far higher column of water could be 
supported. 

The second experiment consisted in introducing a small bent 
glass tube into the angle of the mouth, connected with a flexible 
tube passing over the shoulder. It was found that most instru- 
ments could be played as well with this addition as without it. 
It obviously established a communication between the cavity of 
the performer’s mouth, and therefore of his thorax, and the 
pressure-gauge. The following Table was compiled from many 
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observations on some of our principal English musicians. The 
person experimented on was placed with his back to the gauge, 
the small tube was inserted in his mouth, and he was directed 
to sound in succession the chief notes of his instrument. As 
soon as the tone became full and steady, the position of the 
water-gauge was noted. A fair“ mezzo-forte“ note was em- 
ployed. Of course, by forcing the wind and overblowing the 
instrument, much greater pressure could be obtained; but those 
given here were sufficient to produce an average orchestral 
tone. 


Oboe . . . lower notes 9 inches; highest 17 inches. 


Clarinet a 15 „ 5 8 5 
Bassoon . . 5 12 „ „ 24 , 
Horn A 8 z p A y 
Cornet <5 10 „ » 34 5, 
Trumpet j 12 „ J 38 
Euphonium is 3 5 „ 40 „, 
Bombardon . X 3 5 „ 36 „ 


It is to be noticed that the clarinet, in this as in some other 
respects, differs from its kindred instruments and also that 
most of the pressures are small, not exceeding or, indeed, attain- 
ing the pressure of a fit of sneezing or of coughing. They are 
therefore very unlikely to injure the lungs, or to produce the 
emphysema erroneously attributed to them. 


May 9, 1874. 


III. On some Physical Properties of Ice; on the Transposition 
of Boulders from below to above the Ice; and on Mammoth- 
remains. By Joun RAE, M. D., LL. D., &c. 


Is the ice formed on salt water fresh? or, in other words, if ice 
formed on the sea is thawed, will the water obtained thereby be 
fresh ? 

For a number of years past I have spoken with many persons 
on the above subject; and seldom, if ever, have I found a single 
individual who did not say that the ice of the sea was fresh. 
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Some of these gentlemen are known in the scientific world ; 
and many of them supported their opinions by quoting the 
highest written authorities on the subject, chiefly Tyndall’s 
‘Forms of Water,’ p. 132, par. 339, which tells us that “even 
when water is saturated with salt, the crystallizing force studi- 
ously rejects the salt, and devotes itself to the congelation of 
the water alone. Hence the tce of sea-water, when melted, pro- 
duces fresh water.“ 

It is the sentence in italics to which I wish to draw particular 
attention. 

It would be the extreme of folly and presumption on my 
part to question the correctness of results obtained by scientific 
men in their experiments in freezing small quantities of sca- 
water by artificial means, more especially those of the distin- 
guished gentleman whose name I have mentioned, who, in 
addition to holding the high position of being one of our 
greatest authorities in all that relates to physical science, pos- 
sesses the rare gift of being able to communicate his knowledge 
in such plain, clear, and forcible language, illustrated by admi- 
rable experiments, as to make his meaning fully understood, 
even by those who had previously been perfectly ignorant of 
the subject. 

It is only where I have had opportunities of witnessing the 
action of cold carried on in a manner which may have been 
denied to the scientific man, that I venture to differ from him; 
and it is in this way that the conviction has been forced upon 
me, that the ice of sea-water if melted does not produce fresh 
water. 

Before entering upon this subject, however, let me say a word 
or two on the first part of the quotation I have given. 

If a saturated solution of salt is frozen, and the ice so formed 
is fresh, it is evident that the salt that has been rejected“ 
must be deposited or precipitated in a crystalline or some other 
solid form, because the water, if any, that remains unfrozen, 
being already saturated, can hold in solution no more salt than 
it already contains. 

Could not salt be obtained readily and cheaply by this means 
from sea-water in cold climates ? 

During several long journeys on the Arctic coast, in the early 
spring before any thaw had taken place, the only water to be 
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obtained was by melting snow or ice. By experience I found 
that a kettleful of water could be obtained by thawing ice with 
a much less expenditure of fuel, and in a shorter time, than 
was required to obtain a similar quantity of water by thawing 
snow. Now, as we had to carry our fuel with us, this saving of 
fuel and of time was an important consideration, and we always 
endeavoured to get ice for this purpose. We had another in- 
ducement to test the sea-ice frequently as to its freshness or 
the reverse. : 

I presume that almost every one knows that to eat snow 
when it is very cold, tends to increase thirst, whereas a piece of 
ice in the mouth is refreshing and beneficial, however cold it 
may be; we were consequently always glad to get a bit of fresh 
ice whilst at the laborious work of hauling our heavy sledges ; 
yet with these strong inducements we were never able to find 
sea-ice, in situ , either eatable when solid or drinkable when 
thawed, it being invariably much too salt. The only exception 
(if it may be called one) to this rule, was when we found rough 
ice, which, from its wasted appearance and irregular form, had 
evidently been the formation of a previous winter. This old 
ice, if projecting a foot or two above the water-level, was almost 
invariably fresh, and, when thawed, gave excellent drinking- 
water. It may be said that these pieces of fresh ice were frag- 
ments of glaciers or icebergs; but this could not be so, as they 
were found where neither glaciers nor icebergs are ever seen. 

How is this to be accounted for? Unfortunately I have only 
a theory to offer in explanation. 

When the sea freezes by the abstraction of heat from its 
surface, I do not think that the saline matter, although retained 
in and incorporated with the ice, assumes the solid state, unless 
the cold is very intense, but that it remains fluid in the form of 
a very strong brine enclosed in very minute cells. So long as 
the ice continues to float at the same level, or nearly the same 
level, as the sea, this brine remains; but when the ice is raised 
a little above the water-level, the brine, by its greater specific 
gravity, and probably by some solvent quality acting on the ice, 
gradually drains off from the ice so raised; and the small cells, 


* What I mean by ice tn situ is ice lying flat and unbroken on the 
sea, as formed during the winter it is formed in. 
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by connecting one with another downwards, become channels of 
drainage. 

There may be several other requisites for this change of salt 
ice into fresh, such as temperature raised to the freezing-poinut, 
80 as to enable the brine to work out the cell-walls into channels 
or tubes—that is, if my theory has any foundation in fact, which 
may be easily tested by any expedition passing one or more 
winters on the Arctic, or by any one living where ice of con- 
siderable thickness is formed on the sea, such as some parts of 
Norway. 

All that is required, as soon as the winter has advanced far 
enough for the purpose, is to cut out a block of sea-ice (taking 
care not to be near the outflow of any fresh-water stream) about 
3 feet square, remove it from the sea to some convenient posi- 
tion, test its saltness at the time, and at intervals repeat the 
testing both on its upper and lower surfaces, and observe the 
drainage if any. 

The result of the above experiment, even if continued for a 
long while, may not be satisfactory, because the fresh ice that I 
have described must have been formed at least twelve months, 
perhaps eighteen months, before. 


The Transposition of Boulders from below to above the Ice. 


When boulders, small stones, sand, gravel, &c. are found 
lying on sea-ice, it is very generally supposed that they must 
have rolled down a steep place or fallen from a cliff, or been 
deposited by a flow of water from a river or other source. 
There is, however, another way in which boulders &c. get upon 
floe-ice, which I have not seen mentioned in any book on this 
subject. 

During the spring of 1847, at Repulse Bay on the Arctic 
shores of America, 1 was surprised to observe, after the thaw 
commenced, that large boulders (some of them 3 or 4 feet in 
diameter) began to appear on the surface of the ice; and after a 
while, about the month of July, they were wholly exposed, 
whilst the ice below them was strong, firm, and something like 
4 feet thick. 

There were no cliffs or steep banks near from which these 
boulders could have come; and the only way in which I could 
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account for their appearance, was that which by subsequent 
observation I found to be correct. 

On the shores of Repulse Bay the rise and fall of the tide 
are 6 or 8 feet, sometimes more. When the ice is forming in 
early winter, it rests, when the tide is out, on any boulders &c. 
that may be at or near low-water mark. At first, whilst the 
ice is weak, the boulders break through it; but when the ice 
becomes (say 2 or 3 feet) thick, it freezes firmly to the boulder, 
and when the tide rises, is strong enough to lift the boulder 
with it. Thus, once fastened to the ice, the stone continues 
to rise and fall with the rise and fall of each tide, until, as the 
winter advances, it becomes completely enclosed in the ice, 
which by measurement I found to attain a thickness of more 
than 8 feet. 

Small stones, gravel, sand, and shells may be fixed in the 
ice in the same way. 

In the spring, by the double effect of thaw and evaporation, 
the upper surface of the ice, to the extent of 3 feet or more, is 
removed, and thus the boulders, which in autumn were lying 
at the bottom of the sea, are now on the ice, while it is still 
strong and thick enough to travel with its load, before favour- 
able winds and currents to a great distance. 

The finding small stones and gravel on ice out to sea does not 
always prove that such ice has been near the shore at some time 
or other. 

I have noticed that wherever the Walrus in any numbers 
have been for some time lying either on ice or rocks, a not 
inconsiderable quantity of gravel has been deposited, apparently 
a portion of the excreta of that animal, having probably been 
taken up from the bottom of the sea and swallowed along with 
their food. 


Mammoth-remains. The position in which their Skeletons are 
found, &c. 


In Lyell’s ‘ Principles of Geology,’ vol. i. p. 185, we read :— 
‘In. the flat country near the mouth of the Yenesei river, 
Siberia, between latitudes 70° and 75° north, many skeletons of 
mammoths, retaining the hair and skin, have been found. The 
heads of most of these are said to have been turncd to the south.” 
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As far as I can find, the distinguished geologist gives no 
reason why the heads of the mammoths were turned to the 
south; nor does he say all that I think might be said of the 
reasons why, and the means by which the skins have been pre- 
served for such a long period of time. 

Having lived some years on the banks of two of the great 
rivers of America, near to where they enter Hudson's Bay, and 
also on the M‘Kenzie, which flows into the Arctic Sea, I have 
bad opportunities of observing what takes place on these streams, 
all of which have large alluvial deposits, forming flats and shal- 
lows at their mouths. 

What I know to be of common occurrence in these rivers 
may, if we reason by analogy, have taken place in ancient times 
en the great rivers of Siberia, making due allowance for the 
much higher northern latitude to which these streams run before 
reaching the sea, and for the difference in size of the fauna that 
used to frequent their banks. 

When animals, more especially those having horns, tusks, or 
otherwise heavily weighted heads, are drifting down a river, 
the position of the bodies may lie in any direction as regards 
the course of the stream, as long as they are in water deep 
enough to float them; but the moment they get into a shallow 
place, the head, which sinks deepest (or, as sailors say, “‘ draws 
most water“), takes the ground, whilst the body, still remaining, 
afloat, swings to the current, just as a boat or ship does when 
brought to anchor in a tideway. 

It is probable that the mammoths, having been drowned by 
breaking through the ice or in swimming across the river in 
spring when the banks were lined with high precipitous drifts 
of snow, which prevented them from getting out of the water 
or killed in some other way, floated down stream, perhaps for 
hundreds of miles, until they reached the shallows at the mouth, 
where the heads, loaded with a great weight of bone and tusks, 
would get aground in 3 or 4 feet of water, whilst the bodies 
still afloat would swing round with the current as already 
described. 

The Yenesei flows from south to north, so the heads, being 
pointed up stream, would be to the south*. 

* Not many years ago, when buffalo were very abundant on the Saskat- 
chewan, hundreds of them were sometimes drowned in one season whilst 
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Supposing, then, these bodies anchored as above in 3 or 4 feet 
water; as soon as the winter set in, they would be frozen up in 
this position. The ice in so high a latitude as 70° or 75° north 
would acquire a thickness of 5 or 6 feet at least, so that it would 
freeze to the bottom on the shallows where the mammoths were 
anchored. In the spring, on the breaking up of the ice, this 
ice being solidly frozen to the muddy bottom, would not rise to 
the surface, but remain fixed, with its contained animal remains, 
and the flooded stream would rush over both, leaving a covering 
of mud as the water subsided. 

Part of this fixed ice, but not the whole, might be thawed 
away during summer; and (possibly, but not necessarily) next 
winter a fresh layer of ice with a fresh supply of animal re- 
mains might be formed over the former stratum; and so the 
peculiar position and perfect state of preservation of this im- 
mense collection of extinct animals may be accounted for without 
having recourse to the somewhat improbable theory that a very 
great and sudden change had taken place in the climate of that 
region. 

I have seen at the mouth of Hayes River in America animals 
frozen up as above described ; but as the latitude of this place is 
only 57° north, the fixed ice usually wholly disappears before 
the next winter sets in, and liberates the animals shut up in it; 
but when the rivers reach the sea, as some of those of Siberia 
do, 1000 or 1200 miles further to the north, it may be fairly 
assumed that a large part of this fixed ice, protected as it would 
be by a layer of mud, might continue unthawed. 


IV. On the Fall in Pitch of Strained Wires through which a 
Galvanic Current is passing. By Dr. W. H. Stone. 
Tue object of this paper was to apply the vibrations of sound 
to the measurement of electrical currents, and to distinguish 


what was due to heating-effects from those caused by alteration 
of elasticity. 


swimming across the river; and many reindeer, moose, and other animals 
are annually destroyed in this way in other large American rivers. 

Sir Charles Lyell mentions a number of yaks being seen frozen up in 
one of the Siberian rivers, which, on the breaking up of the ice in spring, 
would be liberated and float down the stream. 
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Strings of brass and steel, such as are used for pianofortes 
(No. 16 gauge), were stretched, by means of wrest-pins, across 
a resonant box, over bridges surmounted by brass bearings, and 
tuned to unison. On passing a current from two or more 
Grove’s batteries through them, a very marked fall in pitch was 
obtained. The vibrating string being 24 inches long, and tuned 
to two-fuot C, the tone sank above a fourth in steel and a major 
third in brass. 

This result being a compound of actual lengthening by heat 
and of other causes, it was, in a second experiment, endeavoured 
to eliminate the former element by straining similar strings 
between the same bridges by means of a weight. This was 
attached to the arm of a bent lever, to the short end of which 
the string was made fast. By shifting the position of a four- 
pound weight along the arm, very accurate unison, or definite 
periodicity of beats could be obtained. When the current from 
the battery was passed through this string, free to expand by 
the falling of the weight, and therefore at a constant tension, a 
fall of pitch was still noticed. There was also a very marked 
loss of tone, which, on approaching a red heat, amounted to 
total extinction of sound. 

A third experiment exhibited the changes of electrical resis- 
tance in a wire subjected to variations of strain. The wire was 
accurately balanced against another resistance in a Wheatstone’s 
bridge, and the spot of light from a mirror-galvanometer join- 
ing the two circuits thrown on the screen. On suddenly in- 
creasing the tension and raising the musical pitch of the string, 
the galvanometer was visibly deflected. This was not an effect 
of heat (since the balance had been brought about during the 
passage of the current), and must be due to altered molecular 
state caused by the strain. 

It was incidentally noticed that, when beats were produced 
by two strings on the same sonometer, they continued to be 
sensible to the touch by laying the hand on the instrument long 
after, from diminution of amplitude in the vibration, or from 
slowness in the beats themselves, they had ceased to be audible. 
This afforded a good demonstration of the continuity of sensa- 
tion in touch and hearing. 
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V. On a simple Method of Illustrating the chief Phenomena of 
Wave- Motion by means of Flexible Cords. By the late W. 8. 
Davis, F. R. A. S., Derby. 


[With a Plate.) 


Tue simple methods about to be described, of exhibiting the 
chief phenomena of wave-motion, were suggested during some 
experiments lately made by the author on the refraction of 
liquid waves“. These experiments consisted in the production 
of waves on the surfaces of two liquids of different densities, 
lying side by side: on agitating the surface of either liquid, 
waves were produced which passed from one liquid to the other, 
at the same time undergoing changes in amplitude, length, and 
form of front. In preparing diagrams to represent these phe- 
nomena it became necessary to make drawings of vertical sec- 
tions through the two liquids, perpendicular to their line of 
separation. 

The appearance presented by the sinuous lines on these dia- 
grams immediately suggested that a similar appearance could be 
exhibited by means of waves on flexible cords. India-rubber 
tubes, variously suspended, and both empty and loaded, were 
tried without satisfactory success; the waves moved too quickly 
to be well observed, and the reflected waves interfered with the 
direct ones. Further experiments led the author to devise the 
simple apparatus now exhibited, which, however, has been made 
to serve for many other illustrations of wave-motion in addition 
to those it was at first intended to show. 

The apparatus consists essentially of :—(1) a piece of stout 
board about 20 feet long and 9 inches wide, which should be 
painted black; and (2) three or four ropes, which must be both 
heavy and flexible: the ropes used by builders for securing their 
scaffolding have been found to answer very well, especially if 
they have been in use some time. To enable the eye to readily 
distinguish any particular rope when two or more are used 
together, it is well to cover the ropes with differently coloured 
fabrics, say red, blue, and green. A few other accessories are 
necessary, which will be described as they are required. 

By means of this apparatus waves may be produced which 


* See Brit. Assoc. Report, 1873. 
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move slowly enough to be readily examined by the eye. The 
chief phenomena of wave-motion which can be shown are as 
follows :— 

1. Transmission of a Wave.—One end of a rope, a few feet 
longer than the board, is fixed to a hook at the end of the board. 
The free end of the rope is then taken in the hand, and, the 
the rope being quite slack, a sudden up-and-down movement of 
the hand is made. A protuberance is thus formed which moves 
very slowly along the rope, presenting the appearance shown in 
Plate I. fig. 1*. 

A single up-and-down movement produces a wave consisting 
of a crest only, the trough being suppressed by the board; if, 
however, with the rope very slack, the hand be moved up and 
down very quickly and energetically, a series of waves, consisting 
of both crest and trough, are produced (fig. 2). 

2. Amplitude and Wave-length.—Waves having any length, 
from 1 to 6 or 7 feet, and amplitudes of similar dimensions, are 
easily produced by properly controlling the rapidity and energy 
of the motion of the hand. 

3. Decrease of Intensity with Distance.—This is illustrated by 
a succession of waves produced by the well-timed motion of the 
hand (fig. 2). The actual decrease of amplitude in this case is, 
of course, due to the loss of energy by friction, and not to lateral 
spreading. 

4. Relation of Velocity to Elasticity.— Two similar ropes, one 
covered with red and the other with blue, are laid side by side 
along the board and fastened to hooks at one end. The free 
ends of the ropes are held in the hand, with the finger between 
them, and, care being taken that they are equally loose, the hand 
is moved up and down as usual. The result is that a wave of 
the same height and length is produced on each rope, and the 
two waves travel side by side to the ends of the ropes. The ex- 
periment is repeated with one rope somewhat tighter than the 
other, when the wave on the tighter rope is observed to travel 
faster than that on the looser one (fig. 3). On continuing to 
tighten the rope the velocity of the wave is more and more in- 
creased, and may be caused to reach the end of the rope a whole 
length or more before its fellow. 


* The length of the board in the figures is drawn to a much smaller 
scale than the other parts. 
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5. Relation of Velocity to Density.—To exhibit this relation a 
loaded rope is required. That now used has strung upon it a 
number of rings of lead cut from a leaden water-pipe; these 
are placed about 6 inches apart, and are covered with india- 
rubber bands to prevent their making unpleasant noise. The 
loaded and an unloaded rope are laid on the board side by side, 
and fixed at one end. Then, taking care the tension is equal 
in the two ropes, waves are simultaneously generated on them, 
as before described. It is then observed that the wave on the 
loaded rope lags considerably behind the other (fig. 4). By suffi- 
ciently tightening the loaded rope the velocity of its waves may 
be made equal to, or even greater than that of the waves of the 
unloaded rope. This may be used to explain why the velocity 
of sound in water is greater than in the much less dense medium, 
air. 

6. Transmission of Waves from one Medium to another of dif- 
ferent Density.—The loaded cord is attached end to end to one 
much lighter than itself; the united cords are laid on the board 
with the splice at about the middle of its length. Then, fasten- 
ing the end of the lighter cord, waves are generated on the 
heavier one. These waves pass onwards to the lighter cord, on 
reaching which they acquire greater amplitude, velocity, and 
length (fig.5). If the heavier cord be fixed and waves be gene- 
rated on the lighter one, the reverse changes to those just stated 
occur on the waves reaching the heavier cord. It is an interest- 
ing experiment to transmit waves along a succession of three or 
more cords alternately heavy and light. With three cords joined 
end to end, the middle one being heavier than the others, a good 
illustration is produced of the changes of velocity, length, and 
amplitude which ætherial waves undergo in passing perpendi- 
cularly through a medium with parallel faces. 

7. Separation of a Wave into two or more smaller Waves.—A 
single cord extending half the length of the board is joined toa 
double one extending the other half. Waves are transmitted 
from the single cord to the double one; on reaching the latter 
each wave divides in two, one wave traversing one part of the 
double cord, and the other wave the other part. By giving each 
part of the double cord a different tension, the velocity of the 
waves will be different in each (fig. 6). The waves on the double 
cord may be made to move in planes at right angles to each 
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other by the use of proper guides, thus furnishing an illustration 
of some of the phenomena of double refraction. 

8. Superposition and Interference. The same arrangement is 
used as in 7, but the waves are transmitted from the double 
cord to the single one. With equal tension in each part of the 
double cord, the waves simultaneously produced on each part run 
side by side until they enter the single cord, when they are su- 
perposed and produce a wave of double amplitude. One half of 
the double cord may be tightened until its wave reaches the single 
cord half a wave’s length before the wave on the other half, 
when interference occurs, there being little or no lateral motion 
to be observed in the single cord. 

9. Plane of Waves.—In the experiments previously described 
the waves were transmitted in a vertical plane; but by properly 
directing the motion of the hand, the waves may be transmitted 
in planes variously inclined to the board, or in a plane parallel 
with it. Waves in space of three dimensions, corresponding to 
circularly polarized light, are produced by rapidly and regularly 
moving the hand in a circle, the cord then taking the form 
shown at the right of figs. 7 and 9. 

10. Polarization.—A series of flat boards are used as guides, 
which are clamped on the long board. These are shown in 
figs. 7, 8, 9. The vertical and oblique guides are each in two 
pieces, which are so approximated to each other as to just allow 
the cord to move freely between them. The horizontal guide is 
in one, piece only. The vertical and horizontal guides being 
fixed as shown in figs. 7 and 8, waves in a vertical plane are 
transmitted from that end of the rope nearest the vertical guides ; 
the waves then pass freely through the vertical guides, but are 
completely stopped by the horizontal one. Waves in a hori- 
zontal plane transmitted from the other end of the apparatus 
pass the horizontal guide, but are stopped by the vertical ones 
(fig. 8). Waves in an oblique plane transmitted from either end 
are resolved by the nearest guide into a component in its own 
plane and a component at right angles which is suppressed ; 
the former passes on and is stopped by the next guide. Circularly 
polarized waves on reaching the guides are similarly resolved 
(fig. 7). 

11. Depolarization.—A pair of oblique guides are required in 
addition to those described in 10. The arrangement of these is 
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shown in fig. 9, which needs no further explanation. The waves 
are supposed to proceed from right to left. With a single cord 
as in fig. 9, or with a partly double one as in fig. 6, an endless 
variation of experiments relating to polarization may be produced. 

12. Radiation and Absorption —A rod of iron about 2 feet 
in length, having an eye at the centre and at each end, is fixed 
by means of a screw or pin through the central eye to an up- 
right support of wood clamped at about the middle of the board 
(fig. 10). The iron rod must be able to rotate freely about the 
pin in a vertical plane parallel to the board, but in no other 
plane. Attaching a cord to one end of the iron rod and conti- 
nuing it to the end of the board, a series of properly timed waves 
are sent along it, when the rod vibrates in synchronism with the 
waves. If a second cord be attached to the other end of the 
rod and waves be transmitted as before, the vibrations of the 
rod set up waves in this cord which correspond in period and 
length to those on the first cord, thus furnishing an illustration 
of the reciprocity of radiation and absorption. 

The author has reason to think that, as nearly all the above- 
described illustrations have been devised during the last twelve 
months, the method is capable of much further development and 
greater perfection. 


May 23, 1874. 


VI. Glass Cell with Parallel Sides. 
By F. CLOwEs, Esq., B. Sc., F. C. S. 


Tux following method has proved very convenient for making 
a glass cell, which may be readily fitted up from ordinary labo- 
ratory apparatus, and may also be rapidly taken to pieces for 
the purpose of being cleansed. 

A piece of india-rubber tubing with stout walls, or, better, a 
length of solid rubber, is placed 
in the form of a letter U be- 
tween two plates of glass, the 
ends of these plates being then 
firmly held together by slipping 
over them stout india-rubber 


Fig. 1. 
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rings. A glass cell is thus obtained, the parallel faces of which 
are formed by the glass plates, whilst its thickness, depth, and 
length can be suitably varied by the stoutness and length of the 
rubber tube and the shape which this tube is made to assume. 

With a glass cell of the size of an ordinary magic-lantern 
slide (fig. 1), the difference in specific gravity between hot and 
cold water* may be well shown upon the screen by a magic 
lantern, the liquid admitted by a pipette being preferably tinged 
by dissolving in it a crystal of potassium permanganate; and 
the convective currents occurring in the mass of a liquid may be 
thrown upon the screen by passing a galvanic current through 
a fine platinum wire stretched between two thick copper wires 
beneath the surface of the liquid in the cell: these currents are 
rendered much more evident by allowing the platinum wire to 
be immersed in a stratum of potassium-permanganate solution 
which has been cautiously introduced beneath the water by 
means of a pipette dipping to the bottom of the cell. 

A smaller cell made to fit into the wooden frame of a lantern- 
slide (fig.2), which has attached Fig. 2. 
to it platinum wires connected eam 
by copper wires and binding- 
screws with a galvanic battery, 
serves to project electrolyticde- 
compositions upon the screen. 
Perhaps the most beautiful appearance is that presented by the 
crystallization of the metal from a solution of lead-acetate which 
is undergoing electrolysis f. 

In order that the cell may be water-tight, it is necessary that 
the india-rubber rings should exert a somewhat powerful com- 
pression; but even under favourable circumstances slight 
leakage is liable to occur in about half an hour after the cell 
has been filled ; this, however, would allow ample time for the 
display of any of the phenomena above alluded to. Rings cut 
from large-sized india-rubber tubing have been found well 
adapted for the construction of small cells. 

* See Tyndall’s ‘ Heat, a Mode of Motion,’ pp. 173 and 174. 


t Mr. W. Crookes, F. R. S., suggests the electrolysis of solution of thal- 
lium sulphate as furnishing a still more beautiful example of crystallization. 
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VII. On an Absolute Galvanometer. 
By FREDERICK GUTHRIE. 


Messrs. ELLIorr have constructed for me a galvanometer 
which will, I believe, be found to possess for some purposes 
certain advantages over those at present in use. Its principle 
depends upon the measurement of the current-strength by the 
measurement of the mechanical force necessary to bring to a 
given distance of one another two electromagnets, which are ex- 
cited by the current in such a fashion that they repel one another. 

The current enters at a by the screw-clamp ; thence it passes 
beneath the circular wooden stand C along the copper wire ab. 
It rises vertically and coils round a soft iron mass f, which lies 
horizontal and tangential to the axis of the instrument. It 
passes down and across the centre of the board, then rises and 
coils round a soft iron mass f', exactly similar and similarly 
placed to /, but on the opposite side of the instrument. Having 
encircled f', the current-bearing wire again descends, and carries 
a mercury-cup g, through whose bottom it passes, and which is 
exactly in the axis of the instrument. The current then leaves 
the mercury by the wire i, which dips into it. It then traverses 
the wire around the iron,m. Thence it crosses the instrument 
and forms a spiral around m', after which it passes into the mer- 
cury-cup 4, and so to the binding-screw c. The spirals are such 
that there is repulsion between F and m, and also between m and 
f'. It is seen that the magnetic pair ff’ is fixed. The pair 
mm! is movable about a vertical axis. The system mm! is hung 
by a metal or glass thread & from the rod /, which works stiffly 
through the nut o. The latter carries an arm and vernier, p, 
which slides over the graduated head, g. The scale, nut, &c. 
are supported on the glass tube r, which is fastened by the cap s 
on to the plate-glass disk ¢, which rests upon the top of the 
glass cylinder u clamped upon the wooden base c resting on 
levelling-screws. In the side of u is a plate-glass window, w, 
through which a vertical line of light may be focused upon æ (a 
mirror fastened to the mm! system), and thence thrown upon a 
scale in the manner which is now so often employed. 

A word or two about the way in which the instrument is used. 
The upper plate f and the system mm are removed by lifting r. 
The edge of u is rubbed with beeswax to prevent ¢ from slipping 
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upon it. The copper wires penetrating the cups are amalgamated 
and a little mercury poured in. Amalgamated thin platinum- 
foil is then pressed into the cups, and mercury is poured upon 


this. By this means a concave meniscus is obtained. The upper 
partis then replaced, and so adjusted by turning the plate ¢ and 
the cylinder u that the mirror x is parallel to the window w, 
when the axis of mm! makes an angle of about 15° with that 
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of ff’. The rod I is adjusted so that the wires of m m' just touch 
the mercury; and by the levelling-screws & is so swung that m 
and f, and also m and f', are exactly opposite to one another and 
the wires in the centres of the mercury-cups. A slit of light is 
then sent through w, reflected on to a screen, and the head o is 
then turned till the slit is split by an arbitrary vertical line on 
the screen. The reading of p is then noted. A current passing 
through the system forces mm! away from ff‘. Turn the head 
o until the slit of light is again brought to the mark on the screen. 
The angle through which it must be turned is directly propor- 
tional to the magneto-repulsion—that is, to the square of the 
current-strength. Many of the laws of electrodynamics may be 
readily illustrated by this instrument; and not only may differ- 
ent currents be compared with the greatest accuracy, but the 
absolute mechanical magneto-value of the current may be at 
once arrived at. By bringing the repellent magnets always to 
the same distance from one another, a whole class of sources of 
error is removed. 


June 13, 1874. 


VIII. Apparatus for Measurement of Low Pressures of Gas. By 
Professor M‘Leop, Indian Civil-Engineering College, Cooper's 
Hill. 

Tus apparatus was devised for estimating the pressure of a 

gas when its tension is so low that the indications of the baro- 

meter cannot safely be relied on, unless indeed a very wide 
barometer and an accurate cathetometer be employed. The 

method consists in condensing a known volume of the gas into a 

smaller space and measuring its tension under the new conditions. 
The form of the apparatus is the following: — The tube a com- 

municates with the Sprengel, and with the apparatus to be ex- 

hausted; 5 is a siphon-barometer with a tube about 5 milli- 

metres in diameter; and the principal parts of the measuring- 

apparatus consist of c, a globe of about 48 cubic centims. capacity 
with the volume-tube at the top, and d the pressure-tube; these 
two are exactly of the same diameter, to avoid error from capil- 

larity. The tube at the bottom of the globe is ground into a 

funnel-shaped portion at the top of the wide tube e; and to 

the side of the latter the pressure-tube d is joined. The volume- 
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tube at the top of the globe is graduated in millimetres from 
above downwards, the lowest division in this particular apparatus 
being 45; the pressure-tube d is also graduated in millimetres, 
the O being placed at the level of the 45th division on the vo- 
lume-tube. A ball-and-socket joint con- 
nects the bottom of e with a vertical tube 
f about 800 millims. long, which is con- 
nected at its lower extremity by means of 
a flexible tube with the mercury-reservoir g; 
a stopcock at A permits the regulation of 
the flow of mercury into the apparatus: 
this may be conveniently turned by a rod, 
so that the operator may watch the rise of 
the mercury through a telescope and have 
the stopcock at the same time at com- 
mand. | 


The volume-tube was calibrated in the | | 17 

é ; l | ¢ 

usual way, by introducing weighed quan- . 
tities of mercury into it, and making the U. 


necessary corrections for the meniscus. 
The capacity of the volume-tube, the 
globe, and upper part of the tube e was 
determined by inverting the apparatus and 
introducing mercury through e until the 
mercury flowed down the pressure-tube ; 
the weight of this quantity of mercury, f 
divided by the weight of that contained in 

the volume-tube, gives the ratio between 

the volumes; in the present case it is 1 to 

54°495. While the apparatus is being ex- 

hausted, the reservoir 9 is lowered so as a 

to prevent the mercury rising out of the A 
tube f; but when it is desired to make a 
measurement of the pressure, the reservoir 
is raised and the mercury allowed to pass 
through the stopcock 4. On the mercury 
rising into the tube e it cuts off the com- 
munication between the gas in the glohe 
and that in the rest of the apparatus. Ulti- 
mately the whole of the gas in the globe is 
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condensed into the volume-tube ; and its tension is then found by 
measuring the difference of level between the columns of mercury 
in the volume- and pressure-tubes. On dividing this difference 
by the ratio between the capacities of the globe and volume-tube, 
u number is obtained which is approximately the original pres- 
sure of the gas; this number must now be added to the differ- 
ence between the columns, since it is obvious that the column 
in the pressure-tube is depressed by the tension of the gas in 
the remaining part of the apparatus; on dividing this new num- 
ber once more by the ratio between the volumes the exact 
original tension is found. 

An example will best illustrate this. A quantity of gas was 
compressed into the volume-tube, and the flow of mercury was 
arrested when its surface reached the lowermost division on the 


i : gy 
tube. The volume was then 34g; of its original volume, and 


the difference between the levels of the mercury in the volume- 
and pressure-tubes was 66'9 millims.; this number, divided by 
54:495, gives 1°228 as the approximate pressure. 1'2 must 
therefore be added to the observed column, which thus becomes 
68°1; and on dividing by 54:495, the number 1:2497 is ob- 
tained as the actual pressure. 

The relations existing between the contents of the other divi- 
sions of the volume-tube and the total contents of the globe 
were determined by measuring the tensions of the same quantity 
of gas when compressed into the different volumes. By this 
means the values of the divisions 40, 35, 30, 25, 20, 15, 10, 9, 
8, 7, 6, 5, 4, 3, and 2 have been found; the experimenter is 
thus enabled to employ a division suitable to the quantity of gas 
with which he has to deal. The smallest division contains only 
sassy Of the globe; consequently when a quantity of gas 
has been condensed into this space, its original tension will be 
multiplied 1492:35 times. In one case an amount of gas, which 
originally filled the globe, exhibited a pressure of only 5 millim. 
when it had been compressed into the smallest division of the 
volume-tube ; this indicates an original pressure of only 00033 
millim. 

When measuring a tension, it is advisable to make two read- 
ings under different condensations, and to take the mean of the 
results. The following will give some notion of the precision 
attainable :— 
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I. At division 5 0225 
0230. 
2 — Mean 
Remeasured. 
At division 5 0228 


i 9 e? Mean 0232. 


II. Barometer O millim. :— 
At division 10 1985 
5 5 1980 


Remeasured. 


At division 10 +1953 
N s 5 
‘ 5] 97 fean 1960 


III. Barometer 0°6 millim. :— 
At division 15 +5488 
10 550 Mean 5492. 
„ 6 5501 
Remeasured. 
At division 15 5464 
j 10 5464 Mean 5469. 
ee 6 5480 l 
IV. Barometer 1 millim. :— 
At division 20 1:2042 
j 15 1:2069 
Remeasured. 
At division 20 12082 
3 15 1:2099 
V. Barometer 1°5 millim. :— 
At division 80 1:9139 
5 25 19080 
Remeasured. 
At division 30 1:9041 
35 25 1:9039 
VI. Barometer 2°1 millims.:— 
At division 35 2:6017 
o o 30 2:6073 
Remeasured. 
At division 35 2:6160 
3 30 2:6220 


} Mean 1982. 


\ Mean 1:2055. 


Mean 1:2090. 


Mean 1:9040. 
Mean 2°6045. 


Mean 2°6190. 


D 


Mean 19109. 
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It may be mentioned incidentally that connexions for appa- 
ratus may be conveniently made by means of ball-and-socket 
joints of glass. The ball is made by thickening a piece of tube 
in the blowpipe-flame, and the socket by cutting in half a thick 
bulb blown on a glass tube. The ball is then ground into the 
socket by means of emery and solution of soda, and afterwards 
polished with rouge and soda solution. When slightly greased 
and with a small quantity of mercury in the cup, a joint is ob- 
tained which is perfectly air-tight and flexible *. 


IX. Ona simple Arrangement by which the Coloured Rings of 
Uniaxial and Biaxial Crystals may be shown in a common Mi- 
croscope. By Dr. W. H. Stone. 


THE author was not aware that any arrangement had been 
hitherto supplied to the ordinary microscope other than an extra 
top to the eyepiece containing a supplementary stage and an 
analyzer. This could only be considered a clumsy expedient. 
The objects to be obtained were clearly two :—first, to transmit 
the rays at considerable obliquity through the plate of crystal ; 
secondly, to gather these up and form a real image within the 
tube of the microscope. Amici had accomplished this by a 
special combination of lenses which bears his name; it might, 
however, be done simply by placing a screwed diaphragm 
on the end of the upper draw-tube within the body of the mi- 
croscope. The screw should be that ordinarily used for object- 
glasses. To this an object-glass of long focus was fitted, and 
another of higher magnifying-power in the usual place. The 
whole body was then drawn out and adjusted to a telescopic 
focus on a distant object. The lower objective formed the 
object-glass of the telescope, and the inner objective with the 
Huygenian eyepiece a compound ocular. On reinserting the 


* Since the above was written Dr. Sprengel has pointed out that Mr. 
Hartley (Proc. Roy. Soc. vol. xx. p. 141) has described as a Sprengel 
joint“ a connexion between two glass tubes made by grinding a conical 
tube into a conical cup and placing mercury or water in the cup. The 
difference between this and the one above mentioned is obvious: the 
former is quite rigid, the latter perfectly flexible. 
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body thus arranged, and illuminating the crystal on the stage 
with convergent light by means of a condenser, the rings and 
brushes could be perfectly seen. The whole double series of 
rings in a biaxial crystal of carbonate of lead was thus shown. 

The condenser used was a“ kettle-drum ” of two plano-convex 
lenses. The objective on the nozzle of the microscope was a 8 
of Ross; that within the draw-tube a 3-inch objective of the 
same maker. 


June 20, 1871. 


X. On Attraction and Repulsion accompanying Radiation. 
By WILLIAM Crookes, F. N. S. &c. 


[With a Plate. ] 


BeroreE describing the apparatus and experiments which illus- 
trate the attraction and repulsion accompanying radiation, it 
will perhaps be best to draw attention to the modification of the 
Sprengel pump which has so materially assisted me in this in- 
vestigation. 

Fig. 1 (Plate II.) shows the pump as now in use. Working 
so much with this instrument, I have endeavoured to avoid the 
inconveniences attending the usual mode of raising mercury 
from the lower to the upper reservoir. The mercury 1s con- 
tained in a closed glass reservoir A, perforated with a fine hole 
at the top. This reservoir is attached to a block capable of free 
movement in a vertical line and running in grooves, and con- 
nected with the lower reservoir by a flexible tube 9. This tubing 
is specially made to stand a considerable pressure of mercury. 
It consists of a double thickness of india-rubber tubing enclosing 
a canvas tube in the centre, the whole being vulcanized together. 

When the whole of the mercury has run through the pump, 
the reservoir and slide can be lowered by liberating a detent, T, 
and letting it descend to the block L. H is a glass reservoir 
which receives the mercury after flowing through the pump. 
When the reservoir A is emptied and has been lowered to the 
block L, the mercury from H is admitted into A by opening 

D 2 
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the tap I. At fis another tap, of platinum, to regulate the flow 
of mercury through the pump. c, c, d are mercury joints, it 
being inconvenient to have the apparatus in one piece of tubing, 
and not always possible to seal the different portions together 
by fusion. ee is a barometer dipping into the same vessel as 
the gauge-barometer P, the two thus forming a differential 
system by which the rarity of the atmosphere in the apparatus 
undergoing exhaustion can be easily estimated. d d is a milli- 
metre-scale with pointed end, attached tothe gauge and capable 
of being raised or lowered so as to make the point just touch 
the surface of the mercury. 6 is a reservoir of strong sulphuric 
acid, exposing as much surface as possible, but allowing the air 
to pass across it without resistance. The mercury joint d may 
either be closed with a picce of glass rod ground in, or it may have 
either of the two pieces of apparatus i and & fitted to it. & is a 
mercurial siphon gauge, which is useful for measuring very high 
rarefactions in experiments where difference of pressure equal 
to a tenth of a millimetre of mercury is important. i is for still 
higher rarefactions; it is simply a small tube having platinum 
wires sealed in, and intended to be attached to an induction- 
cel. At exhaustions beyond the capabilities of the mercurial 
gauge I can still get valuable indications of the nearness to a 
perfect vacuum by the resistance of this tube. I have frequently 
carried exhaustion to such a point that an induction-spark will 
not strike across the small distance (4 inch) separating the wires 
of the vacuum-tube. I is the mercury-tap usually employed for 
letting air into the apparatus, and also for moistening the inte- 
rior of the pump with oil of vitriol. “ is a spiral of glass for 
attaching the various pieces of apparatus requiring exhaustion. 
As blown or fused joints are indispensable, this form of con- 
necting piece is adopted to ensure the necessary flexibility. 
m is a trap to catch any air which might leak in through the 
platinum tap f, or the various joints in the lower part of the 
tubing g. 

The reservoir A being filled with mercury, the tap I is turned 
off and the reservoir ia raised to the top of the slide where it is 
supported by the detent T. On opening the tap f the mercury 
rises in the tube f h, and, falling through the chamber N, carries 
with it the air contained in the tube R, and in the apparatus 
attached to the tube /, as in the ordinary Sprengel pump. At N 
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the tubing is eularged in order that the mereury may not be 
forced up the tube R, as otherwise frequently happens if the 
tubes or the mercury gets soiled. 

J, J are iron brackets supporting the apparatus. S is a large 
inverted glass receiver, to collect the small portions of mercury 
which are unavoidably and constantly being spilled; it should 
contain a little weak alkaline solution. 

The part of the tubing g, f, h, N forms a barometric siphon 
arrangement, which effectually prevents air getting into the 
pump from the reservoir A when the mercury has completely 
run out. In this case no harm whatever is done to the opera- 
tion: the vacuum is not injured; and the exhaustion proceeds 
immediately on retransferring the mercury from the reservoir H 
to the reservoir A, and raising A again into its place. The ap- 
paratus, as thus arranged, is readily manageable with certainty 
of obtaining a barometric vacuum. 

The mercury fall-tube of a pump in constant use frequently 
wants cleaning. I find the most effectual means of doing this 
is to put oil of vitriol into the funnel A, and then, by slightly 
loosening the glass stopper, allow a little of the strong acid to 
be carried down the tube with the mercury. With care this 
can be effected without interfering with the progress of exhaus- 
tion. The residual acid adhering to the walls of the chamber 
N does good rather than harm. When sufficient sulphuric acid 
has run into the fall-tube, the funnel-stopper can be perfectly 
closed by pressing it in with a slight twist and then filling up 
with mercury. 

Many physicists have worked on the subject of attraction and 
repulsion by heat. In 1792 the Rev. A. Bennet recorded the fact 
that a light substance delicately suspended in air was attracted 
by warm bodies; this he ascribed to air-currents. When, by 
means of a lens, light was focused on one end of a delicately sus- 
pended arm, either im air or in an exhausted receiver, no motion 
could be perceived distinguishable from the effects of heat. 
After Mr. Bennet the subject has been more or less noticed 
by Laplace, Libri, Fresnel, Saigey, Forbes, Baden Powell, and 
Faye ; but the results have been unsatisfactory and contradictory. 

My first experiments were performed with apparatus made on 
the principle of the balance. An exceedingly fine and light arm 
is delicately suspended in a glass tube by a double-pointed 
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needle; and at the ends are affixed balls of various materials. 
Amongst the substances thus experimented on I may mention 
pith, glass, charcoal, wood, ivory, cork, selenium, platinum, 
silver, aluminium, magnesium, and various other metals. The 
beam is usually either of glass or straw. 

The apparatus, consisting of a straw beam and pith-ball ends, 
being fitted up as here shown attached to the pump, and the 
whole being full of air to begin with, I pass a spirit-lamp across 
the upper part of the tube just over one of the pith-balls. The 
ball rises. The same effect is produced when a bulb of hot wate r 
or even the warm finger is placed over the pith-ball. 

On working the pump and repeating the experiment, the 
attraction to the hot body gets less and less, until it becomes nil, 
and after a certain barometric pressure is passed, the attraction 
gives place to repulsion, which gets stronger and stronger as the 
vacuum approaches perfection. 

In order to illustrate more strikingly the influence exerted by 
a trace of residual air, an apparatus (fig. 2) 1s here shown in 
which the source of heat (a platinum spiral, a, rendered incan- 
descent by electricity) is inside the glass tube instead of out- 
side it as before. A mass of magnesium, J, turned conical, is 
suspended in a glass tube, cde, by a fine platinum wire of such 
a length as to vibrate seconds. The upper end of the platinum 
wire is sealed into the glass at e, and passes through to the outside 
for the purpose of electrical experiments. The platinum spiral 
is arranged so that when the pendulum hangs free the magne- 
sium mass is about } inch from it. In air the red-hot spiral 
produces decided attraction on the magnesium ; and by properly 
timing the contacts with the battery, a considerable swing can 
be accumulated. On perfectly exhausting the apparatus, how- 
ever, the incandescent spiral is found to energetically repel, 
and a very few contacts and breaks properly timed are suffi- 
cient to get up the full swing the pendulum is capable of. 

A simpler form of the apparatus for exhibiting the phenomena 
of attraction in air and repulsion in a vacuum consists of a long 
glass tube a òb (fig. 3) with a globe c at one end. A light index 
of glass with pith-balls at the ends d, e is suspended in this globe 
by means of a cocoon fibre. When the apparatus is full of air 
at ordinary pressure, a ray of heat or light falling on one of the 
pith-balls gives a movement indicating attraction. 
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When the apparatus is exhausted until the barometric gauge 
shows a depression of 12 millims. below the barometer, neither 
attraction nor repulsion results when radiant light or heat falls 
on the pith. When the vacuum is as good as the pump will 
produce, strong repulsion is shown when radiation is allowed to 
fall on one end of the index. The heat of the band, or even of 
the body several feet off, is quite sufficient. The action is in 
proportion to the surface acted on rather than to the mass. 

The barometric position of the neutral point dividing attrac- 
tion from repulsion varies with the density of the mass on which 
radiation falls, on the ratio of its mass to its surface, and in a 
less degree on the intensity of radiation. In the case of pith it 
is seen to lie at about 12 millims. below a barometric vacuum, 
whilst with a heavy metal it is within a tenth of a millim. of a 
vacuum. Experiments to try to determine the law governing 
the position of the neutral point are now in progress. 

Ice, or a cold substance, produces the opposite effects to heat. 
Thus a bar of pith suspended in a vacuum is energetically re- 
pelled by the warm hand, whilst it is as strongly attracted by a 
piece of ice. Cold being simply negative heat, it is not easy at 
first sight to understand how it can produce attraction. The 
law of exchanges, however, explains this perfectly. The pith 
index and the whole of the surrounding bodies are incessantly 
exchanging heat-rays; and under ordinary circumstances the 
income and expenditure of heat are in equilibrium. A piece of 
ice brought near one end of the index cuts off the influx of heat 
to it from that side, and therefore allows an excess of heat to 
fall upon it from the opposite side. Attraction by a cold body 
is thus seen to be only repulsion by the radiation from the op- 
posite side of the room. 

Instruments of the kind just described are perhaps the best 
for exhibiting large and striking movements of attraction or 
repulsion. Two glass globes 4 inches in diameter, fitted up with 
bars of pith 34 x 4 inch, are now before you. One is full of air 
at ordinary pressure, whilst the other is completely exhausted. 
A touch with a finger on a part of the globe near one extremity 
of the pith will drive the bar round over 90°, in the vacuum. 
In air the attraction is not quite so strong. 

If I place a lighted candle an inch or two from the vacuous 
globe, the pith bar commences to oscillate. The swing gradu- 
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ally increases in amplitude until one or two complete revolu- 
tions are made. The torsion of the suspending fibre here inter- 
feres, and the vibrations proceed in the opposite direction. The 
movement continues as long as the candle burns. This con- 
tinued movement ceases if the source of radiation is removed 
some distance off; the pith index then sets equatorially. The 
cause of the continued vibration when the radiant body is 
at a particular distance from the pith is easy to understand on 
the supposition that the movement is due to the direct impact 
of waves on the suspended body. 

For more accurate experiments I prefer making the apparatus 
differently. Fig. 4 represents the best form. ab is a glass 
tube, to which is fused at right angles another, narrower tube, e d; 
the vertical tube is slightly contracted at e so as to prevent the 
solid stoper d, which just fits the bore of the tube, from falling 
down. The lower end of the stopper de is drawn out to a point ; 
and to this is cemented a fine glass thread about 0°001 inch 
diameter, or less, according to the torsion required. 

At the lower end of the glass thread an aluminium stirrup 
and a concave glass mirror are cemented, the stirrup being so 
arranged that it will hold a beam fg having masses of any de- 
sired material at the extremities. At e in the horizontal tube 
is a plate-glass window cemented on to the tube. At is also 
a piece of plate glass cemented on. Exhaustion is effected 
through a branch tube A projecting from the side of the upright 
tube. This is sealed by fusion to the spiral tube of the pump, 
The stopper de, and the glass plates c and b, are well fastened 
with a cement of resin 8 parts and bee’s-wax 3 parts *. 


* This is the best cement I have used for standing a vacuum: for a 
few hours it is perfect. But at the highest exhaustions it seems to leak in 
the course of a day or two. India-rubber joints are of no use in these ex- 
periments, as, when the vacuum is near upon perfect, they allow oxygenized 
air to pass through as readily as the pump will remove it. Whenever 
possible the glass tubes should be united by fusion ; and where this is im- 
practicable mercury joints should be used. The best way to make these is 
to have a well-made perforated conical stopper, cut from plain india-rubber, 
fitting into the wide funnel-tube of the joint and carrying the narrow tube. 
Before fitting the tubes in the india-rubber this is heated in a spirit-lamp 
until its surface is decomposed and very sticky; it is then fitted into its 
place; mercury is poured over, and oil of vitriol on the top of that. When 
well made, this joint seems perfect. 
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The advantage of a glass-thread suspension is that the beam 
always comes back to its original position. Before you is an 
instrument of this description, perfectly exhausted and fitted up 
with pith plates at each extremity. A ray of light from the 
electric lamp is thrown on to the mirror c, and thence reflected 
on to the opposite wall. The approach of a finger to either extre- 
mity of the beam causes the luminous index to travel several 
feet, showing repulsion. A piece of ice brought near causes the 
spot of light to travel as much in the opposite direction. 

Here is another form of the apparatus (fig. 5). The letters 
and description are the same as in fig. 4, the apparatus, 
however, being double. The pieces f, g on the end of one 
beam consist of platinum-foil exposing a square centimetre of 
surface, whilst the extremities F, & on the other beam consist of 
pith plates of the same size. It has already been explained that 
the neutral point of rarefaction for platinum is much higher than 
for pith ; consequently at a pressure intermediate between these 
two neutral points, radiation ought to cause the platinum to 
be attracted and the pith to be repelled. This is seen to be 
the case. A wide beam of radiant heat thrown in the centre of 
the tube on to the plates 9, F causes g to be attracted and F to 
be repelled, as shown by the light reflected from the mirrors 
e, . The atmospheric pressure in the apparatus is equal to 
about 40 millims. of mercury. 

The position of the neutral point not only depends on the 
density of the body acted on by radiation, as in the above case, 
but also on the relation of surface to mass. Thus a square centi- 
metre of thin platinum-foil on the extremity of the beam requires 
a lower exhaustion for neutrality than a thicker piece exposing the 
same surface. Also a flat disk of platinum has a lower neutral 
point than the same weight of platinum in the form of a sphere. 

Intensity of radiation likewise affects the neutral point. With 
pith extremities a point of rarefaction can be obtained at which 
the warm fingers repel and incandescent platinum attracts. 

During the course of this lecture I have spoken frequently of 
repulsion by Beat, and have used a spirit-lamp as a source of 
heat to illustrate the facts described. I now wish to show that 
these results are not confined to the heating rays of the spec- 
trum, but that any ray, from the ultra-red to the ultra-violet, will 
produce repulsion in a vacuum. 
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In my own laboratory I have used sunlight, and have experi- 
mented with a very pure spectrum, tuking precautions to avoid 
any overlapping or diffusion of one part of the spectrum with 
another. Here I can only use the electric light, and, in order 
to get results visible at a distance, the spectrum cannot be very 
long. 

The spectrum is formed with one disulphide-of-carbon prism, 
and is projected on to the screen by a lens. Immediately be- 
hind the screen is an exhausted bulb, having a movable index 
with pith terminals suspended with a cocoon fibre (fig. 3). This 
is delicate enough to swing over 90° with a touch of the finger, 
and it will even move under the influence of a ray of moonlight. 
I first of all arrange the spectrum so that the extreme red would 
fall on one pith disk were it not for the screen. On removing 
the screen the index immediately retreats, making nearly half a 
revolution. 

I now replace the screen, and arrange the spectruin so that 
the invisible ultra-violet rays are in a position to fall on the pith 
disk. On removing the screen the index at once behaves as it 
did under the influence of the red rays, and is driven away 
twenty or thirty degrees. The action is not so powerful as when 
the other end of the. spectrum is used; but this may partly, if 
not wholly, be accounted for by the much greater concentration 
of energy at the red end of the spectrum, and expansion at the 
violet end, when using glass or disulphide-of-carbon prisms. 

I now, without disturbing the position of the spectrum, inter- 
pose in the path of the rays a cell containing a solution of iodine 
in disulphide of carbon, which is opaque to the luminous and 
ultra-violet rays, but transparent to the invisible heat-rays. Not 
a trace of repulsion is produced. The iodine solution is now re- 
moved and the ultra-violet rays again fall on the pith, producing 
strong repulsion. A thick screen of clear alum cut from one of 
Mr. Spence’s gigantic crystals is now interposed; but no effect 
whatever is produced by it, the ultra-violet rays acting with un- 
abated energy. As alum cuts off all the dark heat-rays, this 
experiment and the one before it prove the sufficient purity 
of my spectrum. | 

The spectrum is again turned until the dark ultra-red heating 
rays fall on the pith. The movement of repulsion is energetic. 
The iodine solution, interposed, cuts off apparently none of the 
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action. The alum plate cuts off a considerable amount, but by 
no means all. On uniting the alum and the iodine solution the 
whole of the spectrum is obliterated, and no action is produced, 
whatever be the ray which would, were it not for this double 
sifting, fall on the pith. 


Throughout the course of these investigations, which have 
occupied much of my spare time for some years, I have endea- 
voured to keep in my mind the possible explanations which may 
be given of the actions observed; and I have always tried, by 
selecting some circumstances and excluding others, to put each 
hypothesis to the test of experiment. 

The most obvious explanation is, that the movements are due 
to the currents formed in the residual gas which theoretically 
must be present to some extent even in those vacua which are 
most nearly absolute. 

Another explanation is, that the movements are due to elec- 
tricity developed on the moving body or on the glass apparatus 
by the incident radiation. 

A third explanation has been put forward by Professor 
Osborne Reynolds, in a paper which was read before the Royal 
Society on June 18th last. He considers the results to be due 
to evaporation and condensation. 

I will discuss these explanations in order. 

First, the air-current theory. However strong may be the 
reasons in favour of this explanation, they are, I think, answered 
irrefragably by the phenomena themselves. It is most difficult 
to believe that the residual air in a Sprengel vacuum, when the 
gauge and barometer are level, can exert, when gently warmed 
by the finger, an upward force capable of instantly overcoming 
the inertia of a mass of matter weighing 20 or 30 grains. It 
must be remembered that the upward current supposed to do 
this is simply due to the diminished weight of a portion of the 
gas caused by its increase in volume by the heat applied. 

An air-current produced by heat may possibly cause the 
beam of a balance to rise, may drive a suspended index side- 
ways, and by a liberal assumption of eddies and reflections, 
may perhaps be imagined to cause these movements to take 
place sometimes in the opposite directions; but as rarefaction 
proceeds these actions must certainly get less, and they will 


44 MR. W. CROOKES ON ATTRACTION AND 


cease to be appreciable some time before a vacuum is attained : 
a point of no action or neutrality will be reached. But this 
neutral point should certainly be nearer to a vacuum when a 
light body like pith, exposing much surface, is under experiment, 
than when the mass acted on is heavy like brass; whereas in 
practice the contrary obtains. Pith ceases to move under the 
influence of radiation at a rarefaction of about 7 to 12 millims., 
whilst brass only ceases to be affected when the gauge and ba- 
rometer are appreciably level. 

But even could the phenomena up to the neutral point be 
explained by air-currents, these are manifestly powerless to act 
after this critical point is passed. If a current of air within 7 
millims. of a vacuum cannot move a piece of pith, certainly the 
residual air in a Sprengel vacuum should not have more power; 
and à fortiori the residual gas in a perfect chemical vacuum 
cannot possibly move a mass of platinum. 

It is, however, abundantly demonstrated that, in all cases after 
this critical point is reached, the repulsion by radiation is most 
apparent; it increases in energy as the vacuum approaches per- 
fection, and attains its maximum when there is no air whatever 
present, or at all events not sufficient to permit the passage of 
an induction-spark. 

I will now refer to the electrical explanation. Very early in 
my investigation, phenomena were noticed which caused me to 
think that electricity played a chief part in causing the move- 
ments. When a hot glass rod is held motionless against the 
side of an exhausted tube containing a pith index, repulsion 
takes place in a perfectly regular manner; but if the glass rod 
has been passed once or twice through the fingers, or is rubbed 
a few times sideways against the exhausted bulb, the index im- 
mediately moves about in a very irregular manner, sometimes 
being repelled from, and at others attracted to, the side of the 
glass, where it adheres until the electrical excitement subsides. 
Friction with the finger produces the same results; and a small 
spirit-flame causes similar, but much fainter, electrical effects. I 
soon ascertained, however, that, although electricity is capable 
of producing many movements similar to those caused by radia- 
tion, they are never so alike as to be mistaken. Electricity fre- 
quently interferes with, disturbs, or neutralizes the true action of 
radiation ; but it acts in such a manner as to show that it is not 
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the primary cause of the movement. At the highest rarefactions, 
and when special precautions have been taken to avoid the pre- 
sence of aqueous vapour, slight friction with the finger against 
the bulb, or a touch with the flame of a spirit-lamp, excites so 
much electrical disturbance in the pith and other indexes that 
accurate observations become impossible with them for several 
hours. I have tried many means of neutralizing the electrical 
disturbance ; but they are only partially successful, and at the - 
highest rarefactions interference through electrification is very 
troublesome. 

I may draw attention to the following experiments, which are 
devised with the object of showing that the attractions and re- 
pulsions are not due to electricity. 

In describing the pendulum apparatus (fig. 2) which I set in 
motion at the early part of this lecture, I explained that the 
mass of magnesium forming the weight was in metallic con- 
tact with the platinum wire which supported it, and that the 
upper end of this platinum wire was fused into the glass tube 
and passed through to the outside. With this apparatus I have 
tried a great number of experiments. I have connected the pro- 
jecting end of the platinum wire with “earth,” with either pole 
of an induction-coil the other being insulated more or less, with 
either pole of a voltaic battery, with a delicate electroscope ; I have 
charged it with an electrophorus, and have submitted it to the 
most varied electrical conditions; and still, on allowing radiation 
to fall upon the suspended mass, I invariably obtain attraction 
when air is present, and repulsion in a vacuum. The heat has 
been applied both from the outside, so as to pass through the 
glass, and also inside by means of the ignited platinum wire ; 
and the results have shown no difference in kind, but only in 
degree, under electrical excitement. I have obtained interference 
with the usual phenomena, but never of such a character aa would 
lead me to imagine that the normal results were due to electricity. 

It occurred to me that the repulsion might be due to a deve- 
lopment of electricity on the inner surface of the glass bulb or 
tube under the influence of the radiation as it passed from the 
glass into the vacuum. This appears to be disproved by the 
fact that the results are exactly the same whether the radiation 
passes through the glass, or whether it is developed inside the 
apparatus as in the above instance. 
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I have produced exactly the same phenomena whether the 
exhausted apparatus has been standing insulated in the air, or 
whether it was completely immersed in water connected electri- 
cally with “ earth, or surrounded with wet blotting-paper. 

Here are two experiments which bear on this subject. A 
straw beam furnished with brass balls at each end is suspended 
on a double-pointed needle, and the brass balls and needle 
are placed in metallic connexion by means of fine platinum wire. 
The needle does not rest on the sides of the glass tube, but in 
steel cups, to which is soldered a platinum wire passing through 
the glass tube and connected with “earth.” The tube is then 
exhausted, and the usual experiments are tried with hot and 
cold bodies, both with and without a wet blotting-paper cover. 
In all cases the moving beam behaves normally, being repelled 
by heat and attracted by cold. 

An apparatus is prepared similar to that shown in fig. 4. 
The inside of the tube ab is lined with a cylinder of copper 
gauze, having holes cut in the centre for the passage of the sup- 
porting thread de and the index ray of light falling on the 
mirror c, and holes at each end to admit of the plates fand g 
being experimented with. A wire attached to the copper gauze 
passes through a hole in the plate ö, so as to give me electrical 
access to the copper gauze lining. Under the most diverse elec- 
trical conditions, whether insulated or connected with “ earth,” 
this apparatus behaves normally when exhausted. 

A further reason why electricity is not the cause of the move- 
ments I have described is, that they are not only produced by 
heat, but also by ice and cold bodies. Moreover I shall pre- 
sently show that any ray of the spectrum, besides those red and 
ultra-red rays which produce dilatation of mercury in a thermo- 
meter, excite an electric current between antimony and bismuth 
couples, and cause a sensation of warmth when falling on the 
skin, will produce the effect of repulsion in a vacuum. It is 
therefore to my mind abundantly proved that electricity, such 
as we at present know this force, is not a chief agent in these 
attractions and repulsions, however much it may sometimes in- 
terfere with and complicate the phenomena. 

I will now discuss Professor Osborne Reynolds’s theory, that 
the effects are the results of evaporation and condensation. 
In my exhausted tubes he assumes the presence of aqueous 
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vapour, and then argues as follows: —“ When the radiated heat 
from the lamp falls on the pith, its temperature will rise, and 
any moisture on it will begin to evaporate and to drive the pith 
from the lamp. The evaporation will be greatest on that ball 
which is nearest to the lamp; therefore this ball will be driven 
away until the force on the other becomes equal, after which 
the balls will come to rest, unless momentum carries them 
further. On the other hand, when a piece of ice is brought 
near, the temperature of the pith will be reduced, and it will 
condense the vapour and be drawn towards the ice.” 

Professor Reynolds has tried an experiment with pith-balls at- 
tached to a light stem of glass and suspended by a silk thread in a 
glass flask. The exhaustion was obtained by boiling water in the 
flask and then corking it up and allowing it to cool. The gauge 
showed an exhaustion of from 4 to ł of an inch. The pith-balls 
behaved exactly as I have already shown they do at that degree of 
exhaustion, heat repelling and ice attracting. He found that the 
neutral point varied according to whether air was present with 
the aqueous vapour, or whether the vapour was pure water-gus. 
Professor Reynolds states :— From these last two facts it ap- 
pears as though a certain amount of moisture on the balls was 
necessary to render them sensitive to the heat... These ex- 
periments appear to show that evaporation from a surface is 
attended with a force tending to drive the surface back, and 
condensation with a force tending to draw the surface forward.” 

It does not appear that Professor Reynolds has tried more 
than a few experiments; and he admits that they were in reality 
undertaken to verify the explanation above quoted. I have 
worked experimentally on this subject for some years; and the 
last experiment recorded in my notebook is numbered 584. 
From the abundant data at my disposal, I can find many facts 
which will, I think, convince you that this hypothesis has been 
arrived at on insufficient evidence. 

In the first place, I will show that the presence of moisture or 
of a condensable vapour is not necessary. Besides pith, which from 
its texture and lightness might be supposed to absorb and con- 
dense considerable quantities of vapour, I have used glass, mica, 
and various metals; and with a proper amount of exhaustion 
they all act in the same manner. The fact that the neutral 
point for platinum is close upon a vacuum, whilst that for pith 
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is so much lower, tends to show that the repulsion is not due to 
any recoil caused by condensable vapour leaving the surface 
under the influence of heat. Were it so, it would certainly 
require more vapour to be present when platinum had to be 
driven backwards than when pith had to be moved; but the 
contrary obtains in all cases. The rule seems to be, the greater 
the density the higher the neutral point. 

I have worked with all kinds of vacua; that is to say, I have 
started with the apparatus filled with various vapours and gases 
(air, carbonic acid, water, iodine, hydrogen, &c.); and at the 
proper rarefaction I find no difference in the results which can 
be traced to the residual vapour. A hydrogen vacuum seems 
neither more nor less favourable to the phenomena than does a 
water vacuum, or an iodine vacuum. 

If moisture be present to begin with, I find it necessary to 
allow the vapour to be absorbed by the sulphuric acid of the 
pump, and to continue the exhaustion, with repeated heating of 
the apparatus, until the aqueous vapour is removed. Then and 
then only do I get the best results. 

When pith is employed as the index, it is necessary to have it 
thoroughly dried over sulphuric acid before using it, and during 
the exhaustion to keep it constantly heated to a little below its 
charring-point, in order to get the greatest sensifiveness. 

Professor Reynolds says, In order that these results might 
be obtained, it was necessary that the vapour should be free from 
air.“ On the contrary, I find the results take place with the 
greatest sharpness and rapidity if the residual gas consists of 
nothing but air or hydrogen. 

Professor Reynolds further says, Mr. Crookes only obtained 
his results when his vacuum was nearly as perfect as the 
Sprengel pump would make it. Up to this point he had nothing 
but the inverse effects, viz. attraction with heat and repul- 
sion with cold.” In the abstract of my paper published in the 
Proceedings of the Royal Society, I describe an experiment with 
a pith-ball apparatus in which the neutral point is 7 millims. 
(about } inch) below the vacuum, repulsion by heat taking place 
at higher exhaustions. At the Royal Society Soirée, April 22, 
1874, I showed, and fully described in print, the apparatus now 
before you, consisting of a pith bar suspended by a cocoon fibre 
in a glass bulb, from which the air is exhausted until the baro- 
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metric gauge shows a depression of 12 millims. below the ba- 
rometer. Neither attraction nor repulsion results when radiant 
light or heat falls on the pith. Exhaustions of 7 and 12 mil- 
lims. are certainly very inferior vacua for a Sprengel pump. 

As a matter of fact, however, I have obtained repulsion by 
radiation at far higher pressures than these. The true effect of 
radiation appears to be one of repulsion at any pressure, over- 
balanced when a gas is present by some cause—possibly air- 
currents, but probably not. I have already explained that the 
barometric height of this neutral point dividing attraction from 
repulsion varies with the density of the substance on which ra- 
diation falls, on the relation which the mass bears to the surface, 
and on the intensity of radiation. By modifying the conditions 
it is not difficult to get repulsion by radiation when the appa- 
ratus is full of air at nearly the normal pressure of the atmo- 
sphere. 

Professor Reynolds again says, The reason why Mr. Crookes 
did not obtain the same results with a less perfect vacuum was 
because he had then too large a proportion of air, or non-con- 
densing gas, mixed with the vapour.” On this I may remark 
that the writer, before he explained how it was I could not get 
certain results, should have made sure that what he assumed to 
be the case was really so. I have not the least difficulty in 
showing repulsion by heat in imperfect vacua when mixed va- 
pours and gases are present. 

In my arguments against the air-current theory, I have shown 
that the best results are obtained when the vacuum is so nearly 
perfect that an induction-spark will not pass through it. This 
is an equally good argument against the presence of a conden- 
sable vapour as it is against that of air. 

From the construction of my Sprengel pump I am satisfied 
that the vapour of mercury is absent from the apparatus. 

The following experiments have been specially tried with the 
object of testing this theory. A tolerably thick and strong bulb 
is blown at the end of a piece of combustion-tubing; and in it 
is supported a bar of aluminium at the end of a long platinum 
wire. The whole is attached to the Sprengel pump, and ex- 
haustion is kept going on for about two days, until a spark will 
not pass through the vacuum. During this time the bulb and 
its contents are frequently raised to an incipient red heat. At 
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the end of that time the tube is sealed off, and the bar of alumi- 
nium is found to behave exactly as it would in a less perfectly 
exhausted apparatus; viz. it is repelled by heat. A similar 
experiment, attended with similar results, has been tried with a 
glass index. It is impossible to conceive that in these experi- 
ments sufficient condensable gas was present to produce the 
effects Professor Reynolds ascribes to it. After the repeated 
heatings to redness at the highest attainable exhaustion (the 
gauge and the barometer being level for nearly the whole of the 
48 hours), it is impossible that sufficient vapour or gas should 
condense on the movable index to be instantly driven off, by the 
warmth of the finger, with recoil enough to drive backwards a 
heavy piece of metal. 

My own impression is that the repulsion accompanying radia- 
tion is directly due to the impact of the waves upon the surface 
of the moving mass, and not secondarily through the interven- 
tion of air-currents, electricity, or evaporation and condensation. 
Whether the ætherial waves actually strike the substance moved, 
or whether at that mysterious boundary-surface separating solid 
from gaseous matter there are intermediary layers of condensed 
gas which, taking up the blow, pass it on to the layer beneath, 
are problems the solution of which must be left to further 
research. 

In giving what I conceive to be reasonable arguments against 
the three theories which have been supposed to explain these re- 
pulsions, I do not wish to insist upon any theory of my own to 
take their place. The one I advance is to my mind the most 
reasonable, and as such is useful as a working hypothesis, if the 
mind must have a theory to rest upon. Any theory will account 
for sume facts; but only the true explanation will satisfy all the 
conditions of the problem, and this cannot be said of either of 
the theories I have already discussed. 

My object at present is to ascertain facts, varying the condi- 
tions of each experiment so as to find out what are the necessary 
and what the accidental accompaniments of the phenomena. 
By working steadily in this manner, letting each group of expe- 
riments point out the direction for the next group, and follow- 
ing up as closely as possible, not only the main line of research, 
but also the little bylanes which often lead to the most valuable 
results, after a time the facts will group themselves together 
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and tell their own tale. The conditions under which the phe- 
nomena invariably occur will give the laws; and the theory will 
follow without much difficulty. To use the eloquent language 
of Sir Humphry Davy, When I consider the variety of theories 
which may be formed on the slender foundation of one or two 
facts, I am convinced that it is the business of the true philo- 
sopher to avoid them all together. It is more laborious to accu- 
mulate facts than to reason concerning them; but one good ex- 
periment is of more value than the ingenuity of a brain like 
Newton’s.” 


XI. Modification of the usual Trombone Apparatus for showtng 
the Interference of Sound-bearing Waves. By W. F. BARRETT, 
F.R.S.E. &c., Professor of Physics tn the Royal College of 
Science, Dublin. 

A SIMPLE apparatus for showing the interference of sound- 

bearing waves may be made by employing a circular arrange- 

ment of tubes, one sliding within the other. One tube, A, to 
which the mouthpiece M is fixed, is three fourths of a circle; 

the other tube, B, to which the nozzle N is attached, is half a 

circle, and of such diameter that it slides freely over the tube A. 
When the nozzle is diame- 

trically opposite the mouth- 

piece, the path of the sound- 
waves is of equal length, and 
hence the sound from any 
convenient source placed near 
to or within the mouthpiece 
is distinctly heard. By turn- 
ing the nozzle towards N., in the 
direction shown by the dotted 
lines, one limb of the tube 
is lengthened whilst the other 
is correspondingly shortened; 
the path of the waves being now unequal, a point is soon reached 
where the sound is nearly obliterated. 

Employing a suitable source of sound, and a sensitive flame 
or a resonant jar as a phonoscope, an audience can perceive at 
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once the gradual destruction of the sonorous pulses ; and more- 
over the relative lengths of the two branches of the tube clearly 
indicate the principle of interference thus illustrated. 

One instrument I made was 2 feet in diameter, of ]-inch- 
square zinc tubing; another and better instrument (skilfully 
made by Mr. R. H. Ridout) was of brass tubing, 1 foot in 
diameter, the one limb being 34-inch, the other 3-inch tube. 
About 18 inches in diameter would probably be the best and 
most convenient size. In making the experiment, care should be 
taken to avoid (a) the conduction of sound to the ear by the 
metal substance of the instrument; (8) the direct transmis- 
sion of sound through the surrounding air. The latter can be 
overcome by attaching a sufficiently long gutta-percha tube to M, 
thus removing the mouthpiece to a distance from the ear. The 
former can be obviated to some extent by having an inelastic 
mouthpiece or similar covering to the end of the tube. But 
Mr. Woodward’s device of putting a source of sound, such as a 
reed, entirely within the tube, and a trumpet mouthpiece at N, 
is undoubtedly the best and most suitable class method of making 
the experiment. 


P.S.—With an ordinary pitch-pipe inserted at N, I have to-day 
(July 25) repeated the experiment to the class of science teachers 
now at South Kensington. A continuous blast of air was driven 
through the pipe from an acoustic bellows; and the loud note 
heard at first was utterly extinguished by altering the relative 
lengths of the tubes. By pushing the tube still further round 
the note again came out; thus the sound of the pitch-pipe could 
be turned on and off at pleasure. Extinction is not confined to a 
mere line in adjusting the pipe, but spreads over a short and 
definite range. In this case it is probably, as Professor Goodeve 
suggests, the interference of two resonant columns of air, rather 
than the coalescence of two progressive waves in opposite phases. 
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and tell their own tale. The conditions under which the phe- 
nomena invariably occur will give the laws ; and the theory will 
follow without much difficulty. To use the eloquent language 
of Sir Humphry Davy, When I consider the variety of theories 
which may be formed on the slender foundation of one or two 
facts, I am convinced that it is the business of the true philo- 
sopher to avoid them all together. It is more laborious to aceu- 
mulate facts than to reason concerning them; but one good ex- 
periment is of more value than the ingenuity of a brain hke 
Newton’s.” 


XI. Modification of the usual Trombone Apparatus for showing 
the Interference of Sound-bearing Waves. By W. F. BARRETT, 
F. R. S. E. &c., Professor of Physics in the Royal College of 
Science, Dublin. 


A SIMPLE apparatus for showing the interference of sound- 
bearing waves may be made by employing a circular arrange- 
ment of tubes, one sliding within the other. One tube, A, to 
which the mouthpiece M is fixed, is three fourths of a circle; 
the other tube, B, to which the nozzle N is attached, is half a 
circle, and of such diameter that it slides freely over the tube A. 

When the nozzle is diame- 
trically opposite the mouth- 
piece, the path of the sound- 
waves is of equal length, and 
hence the sound from any 
convenient source placed near 
to or within the mouthpiece 
is distinctly heard. By turn- 
ing the nozzle towards N., in the 
direction shown by the dotted 
lines, one limb of the tube 
is lengthened whilst the other 
is correspondingly shortened; 
the path of the waves being now unequal, a point is soon reached 
where the sound is nearly obliterated. 

Employing a suitable source of sound, and a sensitive flame 
or a resonant jar as a phonoscope, an audience can perceive at 
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once the gradual destruction of the sonorous pulses; and more- 
over the relative lengths of the two branches of the tube clearly 
indicate the principle of interference thus illustrated. 

One instrument I made was 2 feet in diameter, of ]-inch- 
square zinc tubing; another and better instrument (skilfully 
made by Mr. R. H. Ridout) was of brass tubing, 1 foot in 
diameter, the one limb being 43-inch, the other -inch tube. 
About 18 inches in diameter would probably be the best and 
most convenient size. In making the experiment, care should be 
taken to avoid (a) the conduction of sound to the ear by the 
metal substance of the instrument; (8) the direct transmis- 
sion of sound through the surrounding air. The latter can be 
overcome by attaching a sufficiently long gutta-percha tube to M, 
thus removing the mouthpiece to a distance from the ear. The 
former can be obviated to some extent by having an inelastic 
mouthpiece or similar covering to the end of the tube. But 
Mr. Woodward’s device of putting a source of sound, such as a 
reed, entirely within the tube, and a trumpet mouthpiece at N, 
is undoubtedly the best and most suitable class method of making 
the experiment. 


P.S.—With an ordinary pitch-pipe inserted at N, I have to-day 
(July 25) repeated the experiment to the class of science teachers 
now at South Kensington. A continuous blast of air was driven 
through the pipe from an acoustic bellows; and the loud note 
heard at first was utterly extinguished by altering the relative 
lengths of the tubes. By pushing the tube still further round 
the note again came out; thus the sound of the pitch-pipe could 
be turned on and off at pleasure. Extinction is not confined to a 
mere line in adjusting the pipe, but spreads over a short and 
definite range. In this case it is probably, as Professor Goodeve 
suggests, the interference of two resonant columns of air, rather 
than the coalescence of two progressive waves in opposite phases. 
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XII. On Salt Solutions and Attached Water. 
By Freperickx GUTHRIE. 


§ 1. THe interesting paper read to the Physical Society of 
London by Dr. J. Rae, the arctic explorer, on the compa- 
rative saltness of freshly formed and older ice-floes*, induced 
me to examine some of the physical properties of brine and 
some other of the aqueous solutions of the salts of the sea. 
This examination has extended itself to some other salts; for 
before attacking the problem of the freezing of sea-water, the 
composition of which may be little less complex than that of the 
earth itself, it seemed advisable to enrich our knowledge of the 
properties of the solutions of some of its more abundant cousti- 
tuents in the separate form. Some of the experimental results 
unexpectedly opened so wide and fascinating a field of inquiry, 
that I have been compelled to make some sort of survey of it ; 
and though the results there gathered are of sufficient interest 
to be considered by themselves as physical facts, they will assu- 
redly also be concerned in the establishment of a sufficient 
theory of thalattology. 
* Proc. Phys. Soc. May 9, 1874. Phil. Mag. July 1874, p. 56. 
VOL. I. v 
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Chloride of Sodium. 

§ 2. Being fortunately in possession of a large quantity of 
extremely pure rock-salt in fine crystals, I satisfied myself by 
the spectroscope of the absence of potassium and lithium. By 
the usual tests, magnesium and sulphuric acid were also shown 
to be absent. A determination of the chlorine agreed so closely 
with the theoretical quantity that not more than 0-2 per cent. 
of any metal having an atomic weight differing by more than 5 
from that of sodium could be present, supposing it to be a chlo- 
ride. On converting the chloride into a sulphate an equally 
accordant result was got. This convinced me that I had a per- 
fectly pure substance. 

§ 3. Preparation of the Brine.— The clearest lumps of the 
rock-salt were washed in common and then in distilled water. 
With these a large beaker was filled. Distilled water was poured 
on so as to fill the beaker about two thirds. If part of the 
salt is thus always above tke surface of the brine, the latter ap- 
pears to be saturated in twenty-four hours. After forty-eight 
hours the brine was poured into another beaker and allowed to 
stand until crystals began to be formed. It was then transferred 
to a stoppered bottle and was ready for use. Although Regnault 
and others have shown that for temperatures above 0° C. the 
solubility of chloride of sodium in water is constant, yet the 
precaution was taken of suspending a muslin bag containing 
some crystals of salt from a string passing through the cork of 
the bottle so that the crystals touched the surface of the brine. 
By this means the perfect saturation of the brine was assured. 
At 18° C. this solution contained 26:2724 per cent. of salt. 
The solution was weighed in a long-necked flask, and was eva- 
porated to dryness and heated to about 800° C. 

The following numbers show the results obtained by some 
other experimenters :— | 


per cent. spec. grav. 


Kopp . Sat. at 25 C. contains 26'832. 
Kastner „ 1875 „ 26°72 1:2046 
EUe ci » 18 „ 26:27 
F. G. „ 21 11997 
FG = » 26 1-201) 


The above specific gravities are referred to water at the same 
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temperature as the brine, as far as my own experiments are con- 
cerned. 

§ 4. Cold produced on mixing saturated Brine with Vater. To 
examine this point, a series of covered beaker-glasses containing 
known weights of water, and a similar series containing satu- 
rated brine, were placed side by side in a tin tray containing 
water and resting on flannel. The whole arrangement was co- 
vered with flannel and allowed to stand over night. In the 
morning the temperature of eight or ten was found to be exactly 
21°C. The liquids were prepared by measuring out from a 
burette in proportions that, taking 1:1997 as the specific gravity 
of the brine, the ratios by weight were as in columns 3 and 4 
(Table I.). The experiments were performed by taking out a 
water-beaker, rapidly drying its outside, pouring in the brine, 
stirring with the thermometer, and at once reading. 


TABLE I. 


Cold produced on mixing saturated Brine with various propor- 
tions of Water by weight. Initial temperature 21° C. 


| ‘ 
| © a | @ | @ ! 6 
Water, in Sat. brine, inn Water, | NaCl, fall of tempe- 
grams. grams. | per cent. per cent. rature, 
T 5 
| | o Cent 
60 140 1611 18.389 9˙4 
65 135 | 82968 17-732 0˙5 
70 130 82-925 17075 0-6 
75 125 84-081 15˙919 0˙75 
80 190 84-238 15-762 0-8 
85 115 84-895 15-105 0-85 
90 110 85-552 14448 09 
95 105 86-198 13 802? C85 
100 100 86:870 13-130 085 
108 9³ 87-522 12-478 0-85 
110 90 88-289 11-821 : 0-85 
115 8⁵ 88-835 11.165 0-9 
| Iæ 80 89-492 10508 , 09 
125 75 90°119 9-831 0 9 
l 130 70 90 806 9-194 0-9 
133 65 91-463 8-537 0:75 
140 60 99-319 7.881 0-65 
145 55 92:776 7224 | 06 
150 50 93-433 6˙567 0-6 
155 45 94-089 5911 | 0-6 
160 40 94-746 52534 005 


The greatest depression of temperature accordingly in the 
122 
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range of ratio between 84 and 90 of water and 16 and 10 of 
salt, and the greatest depression of temperature to be got by 
mixing saturated brine with water, is under no circumstance 
quite 1° C. 

§ 5. If now anhydrous salt on dissolving in water absorbs 
heat only by reason of its conversion into a liquid, and if no 
hydrate of salt exists at the ordinary temperature above 0° C., 
no such absorption of heat as we have seen to occur could ensue 
on mixing brine and water. Two series of experiments are 
therefore at once demanded :—the first to see what proportion 
must exist between anhydrous salt and water to absorb the most 
heat ; the second to see if at any ratio between salt and water 
an abnormal change of density takes place. 

§ 6. Cold produced on mixing NaCl with Water. —A quantity 
of rock-salt having been finely powdered, was passed through 
muslin so as to be quite mealy. Various quantities of distilled 
water were weighed into beakers, and various quantities of the 
rock-salt were thrown in under constant stirring. The abasement 
of temperature being noted gave the results of Table II. The 
temperature of the salt was about 2° C. above that of the water. 
And it is seen that the greatest abasement of temperature occurs 
when there is about 40-60 of salt to 160-140 of water (say 25 
per cent. of salt). This result is what we should expect, remem- 
bering that the saturated solution contains 26-27 per cent. of salt. 


Tassie II. Maximum Cold produced on mixing Salt and Water 
in different proportions by weight. 


Temp. of salt = 202 C. 


Water, in NaCl, in Temp. of | Temp. of Fall. 
grami — ee water. Bacan mixture. 
190 10 1$-1 18-0 10 
1080 20 18.4 | 17-0 14 
160 40 18-4 16-4 2-0 
140 60 i84 1863 21 
120 80 18-4 ` 165 | 19 
100 100 o wo | w | 18-5 167 


§ 7. Specific Gravity of Brines of various strengths.—The 
question as to the source of cold when brines are diluted can be 
conveniently approached from an examination of the density of 
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briues of different strengths, and the comparison between the 
observed specific gravities and the theoretical specific gravities, 
supposing no change of volume to take place. The brine was 
found to have a specific gravity of 1-2011 at 26° C., the tempe- 
rature at which the determinations were made. In Table III. 
the columns 1 and 2 give the weights in grams of the quan- 
tities of water and saturated brine. Columns 3 and 4 give 
the percentage of the water and NaCl in the resulting brines. 
Column 5 gives the specific gravity found, and column 6 gives 
the specific gravity calculated under the hypothesis that no alte- 


ration of volume ensues. 


Tasie II].—Specific Gravity of Brines of various strengths. 


) @® |o @ | © | © 
Water, in (Saturated eina Water, | NaCl, | Observed | Calculated 


grams. in grams. per cent. | per cent. | spec. grav. | spec. grav. 


ED | Ey Ge 


o | 00 73:73 | 3637 | 12011 | | 
60 140 81-61 1839 | 11087 11328 
70 130 1707 11211 
8⁰ 120 84-24 15-76 | 10874 | 11117 | 
90 110 85:55 | 1445 | 10800 | 1-1014 
100 100 | 86:87 | 13-13 1-0725 10914 
110 90 88.29 | 1182 | 1.0650 | 10815 
120 80 | 8949 | 1051 | 10574 1.0716 
130 70 90:81 | 919 10500 | 10621 
140 60 | 92:12 7:88 | 10428 10530 
150 50 93:43 | 657 | 10357 10434 
160 40 | 9475 | 525 | 10284 10347 
| 170 30 97-06 394 | 10246 10258 | 


| 


There is accordingly an increase of volume when a solution 
of salt is diluted ; and this is of course connected with the ab- 
sorption of heat examined in § 4, Table I. When the ori- 
ginal temperatures are restored, a mixture of strong brine and 
water may have a volume two hundredths greater than the sum 
of the volumes of its constituents. And when the brine con- 
tains as little as 4 per cent. of salt, its specific gravity is sen- 
sibly smaller than if such a proportion had been the result of 
the mixture without contraction of the strongest brine and 
water. 

§ 8. Refraction of Light by Brines of different strengths.—It 
seemed, from a consideration of the numbers in Table III., that 
at or near the point of saturation a definite hydrate of salt exists ; 
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and that this is not merely diluted, but also actually decomposed 
on the addition of water, so that expansion takes place. This I 
imagined might be tested by the change in the refractive index 
of the brine. Accordingly brines of various strengths were 
placed in a hollow prism of 60°. The refraction was measured 
on a goniometer (Babinet’s) table provided with telescope and 
collimator. An alcohol-flame containing sodium was employed 
as a source of light shining through avery fine slit. The mini- 
mum refraction being obtained, the D line was split by the spider- 
thread. In Table IV. the empty prism is considered as giving 
a displacement of 0°. The angular displacements are alone here 
given, as they perfectly suffice for the detection of singular values. 


Tase IV. 
Refraction of Light by Brines of various strengths. 
Temp. =22° C. 


i 
Per cent. of brine Per cent. of salt 


I pisplacement. 


in solution. | in solution. 

| | ae 

| 20 | 26:27 27 045 | or 27-0195 
70 18°39 26 230 „ 26-0416 
65 | 17-07 25 44 0 „ 25-7333 
60 | 15:76 25 32 30 | ,, 255416 
55 14-45 25 20 0 „ 25-3333 
50 | 13-13 25 10 0 | „ 25-1666 
45 | 11 82 24 59 0 „ 24-9833 
40 | 10°51 24 48 0 | ,, 24-8000 
35 9-19 | 2137 30 | ,, 24-6250 
30 7-88 24 26 45 | ,, 24-4458 
25 6-57 | 24 16 30 „ 24-2750 
20 5-25 24 6 O | „241000 
0 7 0-00 23 23 0 „„ 23°3833 


These numbers show a singular value at about the 10- to 11- 
per- cent. solutions. 

$ 9. Another method of attacking the question is offered by 
the examination of the boiling-points of various brines. Ac- 
cordingly I took solutions made by mixing saturated brine with 
water, and waiting for a day on which the barometer stood 
nearly at the mean, I determined the boiling-points of the brines. 
The vessels were tall copper cylinders. In the Table V. the 
temperature of the steam as well as that of the brine itself is 
given. The boiling was, of course, only continued a short time 
to avoid the error of strengthening the brine. 
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Tarte V. 


Boiling-points of Brines of various strengths in copper cylinder. 


Per cent. of | Boiling-point | Boiling-point | 
vaCl. in liquid. in vapour. 
| 9 | o 

26°27 (sat.) | 108:8 | 107-0 
18:389 104:7 104-2 
17:075 1042 | 103-1 
15-762 1040 102-6 
14:448 103:4 | 102-5 
13:130 | 1030 192-3 
11821 1026 | 101:9 
10-508 | 102-4 102-1 
9-194 102-0 1017 
7831 1017 1013 
6:567 | 1012 101-0 
5:254 | 1910 101-0 

0-00 (dist.water)) 100-4 1000 | 


We have here again a singular value about the 10- to 11-per- 
cent. solutions. 

$ 10. Freezing-points of Brines of various sirengths.—The 
molecular separation of water from salt when a brine is boiling 
has to some extent a counterpart in the separation of ice from 
brine when the latter is subjected to cold. If a weak brine 
such as 9 of water to 1 of saturated brine (that is, 1 of salt to 
2-42 of water) is subjected to cold, pure ice begins to be formed 
in this case at —1°5. The temperature gradually sinks; but, 
as has been shown, the solid part consists of ice, which may 
be completely freed from salt by mere pressure. This forma- 
tion of ice continues, and the temperature sinks until the in- 
ferior limit attainable by an ice-salt freezing-mixture is reached 
(—22° C.). The brine, of course, becomes richer and richer in 
salt. In other words, brines richer in salt yield up ice at lower 
temperatures. Thus, in Table VI. The same brines are examined 
as were examined in the preceding Tables. The various brines 
were examined in succession, being contained in small beaker- 
glasses in an ice-salt freezing-mixture. It is noteworthy that all 
the brines are supersaturable in regard to ice, so that the tempe- 
ratures are most exactly determined by two observations. A 
good deal of ice is allowed to form, and this is then suffered 
nearly entirely to disappear; the temperature is observed at 
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which the ice begins to increase in quantity when the brine is 
again subjected to cold. 


Taste VI. 
Temperatures at which Brines of various strengths give up ice. 
(1) @ 0 (4) 
Water, in Brine, in Per cent. of 3 
grams. grams. 5 is first formed. 
60 140 18:389 | | — 184 
70 130 17-075 —150 
80 120 15-762 — 12-4 
90 110 14°448 —11˙1 
100 100 13-130 — 94 
110 90 11-831 — 77 
120 80 10-508 — 77 
130 70 9-194 — 67 
140 60 7˙881 — 5-4 
150 50 6-567 — 4) 
160 40 5°254 — 34 
180 20 2627 — 2] 
185 15 | 1-970 — 15 
190 10 | = (1313 — 19(?) 
195 5 | 0656 — 13 
200 0 . Ie eed 0-000 0-0 


Again the brines which contain 10 to 11 per cent. of salt 
have singular behaviour in regard to the temperature at which 
they yield ice. These are the very solutions, it will be remem- 
bered, which behave singularly in respect of their refractive in- 
dices and also of their boiling-points. On comparing with Table 
III., this singularity does not manifest itself in regard to the 
specific: gravities. 

§ 11. Effect of cooling saturated Brine.—It is seen from 
Table VI. that, as far as the strengths of brine there examined 
extend, the stronger the brine the greater the cold required to 
separate ice from it. The strongest brine there examined con- 
tains 18°389 per cent. of NaCl. If saturated brine (containing 
26°27 per cent. of NaCl) be cooled, quite a different class of phe- 
nomena ensues. Down to 0° C. no solidification whatever 
ensues either of ice or of salt. At —7° crystals of the bihydrate 
are observed to fall (NaCl 2 H, O). These present a beautiful 
appearance of iridescent scales heavier than the mother-brine. 
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Their composition has been examined by Löwits, Fuchs, Nölle, 
and Mitscherlich, whose analyses, however, are not in good 
accord, that of Löwits being as much as 10 per cent. different 
from the calculated percentage of the bihydrate. Ehrenberg 
and Frankenheim state that the same hydrate is produced when 
a dilute solution of chloride of sodium evaporates at 15° C., and 
that it suddenly converts itself into the cubical anhydrous salt 
and water. At —22° C. the whole of this hydrate appears to be 
removed. The gradual impoverishment of the mother-brine 
was tested by maintaining a brine, at first saturated, for half an 
hour at the successive temperatures — 10°, — 16°, and —21 to 
—22° C. The brine had been previously kept at O for an hour. 
The original brine contained 26°2724 of NaCl per cent. It was 
the mother-brine from each crop of crystals which was subjected 


to the lower temperature. 
cent. 


Saturated brine at . . contained 26°2724 of NaCl. 
Mother-liquor after keeping at—10° „ 246528 „ 


a P —10 „ 246187 „ 
5 5 —16° ' 241182 „ 
i 7 —21° to 22» 23:8874 „ 


It is clear, therefore, that down to — 21“ the solidification im- 
poverishes the brine,—a result which might be due to the for- 
mation of the bihydrate or the precipitation of the anhydrous 
salt, but which is inconsistent with the formation of ice alone. 
The determinations were made by weighing 10 or 12 grammes 
of the brines, when at the atmospheric temperature, into long- 
necked flasks, evaporating and heating to about 300° C. 

§ 12. A quantity of brine which had been thus impoverished 
by being kept for an hour at —21° to —22° was decanted into 
another flask and further cooled by contact with solid carbonic 
acid and ether. The whole (3 or 4 ounces) solidified; and the 
temperature remained perfectly constant at —22° to —23° (say 
— 23°) until the last drop had frozen at —23°; it then sank 
rapidly. 

If the vessel be continually shaken during crystallization, the 
form of the crystals may be very clearly seen. While the anhy- 
drous salt crystallizes in the well-known cubes, the bihydrate 
separates as iridescent scales, and the body we are now consi- 
dering solidifics in acicular bundles radiating from nuclei, and 
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much resembling in appearance the supersaturated solution of 
sulphate of sodium when solidifying. It is, however, of a more 
than pearly whiteness, and finally of complete opacity. 

§ 13. To see whether we have here indeed a definite hydrate, 
the whole was remelted by the warmth of the hand and succes- 
sively partially refrozen under continual agitation. Each mother- 
liquor was poured off into a weighed flask and partially solidified, 
and so on five times in succession. The solid residues were then 
allowed to melt and get to the temperature of the air; they were 
then evaporated in the usual way. The portion which remained 
to the last was not frozen, in order to see whether its composi- 
tion was the same as that of the parts previously removed by 
solidification. 

TABLE VII. 
Percentage of salt in fractionally solidified NaCl brine below 21°. 
Temperature of solidification. per cent. 
—21° to —22° contained 23°7282 of NaCl. 
—22 „ 6 236581 jj 
— 22 n 23°7262 p 
—23 „. 23:8201 15 
—23 53 23°3431 j 
—23 „ 23:3478 j 


The nearest molecular relationship indicated by these num- 
bers is 
2 NaCl +21 H. O. 
The formula NaCl ＋ 9 H, O requires 26:5 per eent. of salt. 
5 NaC]+10H,O „ 2246 „ „ 
‘i NaCl 11H, O0 „ 224 „ „ 
j 2NaC1+21H,O „ 236 „ „ 


§ 14. In these the salient point is the composition of the 
final mother-liquor, which is essentially the same as that of the 
successively separated solids. 

Accordingly a salt-ice freezing-mixture is just capable of 1 im- 
poverishing saturated brine by withdrawal of salt-rich ingre- 
dients (namely the bihydrate) to such an extent that the unso- 
lidified part is homogeneous, in the sense of being solidifiable 
asawhole. And such solidification takes place immediately 
below the temperature —21° to —22°, which is the lowest 
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temperature to be got by an ice-salt freezing-mixture. I pre- 
sume that if the two solids, ice and salt, could be presented to 
one another in a state of indefinitely fine division, this propor- 
tion of 23-6 of salt to 76°4 of ice would act most promptly and 
continuously as a freezing-mixture, because the formation of the 
bihydrate would not then occur. 

I am disposed to think that the hydrate of salt, the genesis 
of which is here described, may have the composition 


NaCl+10H, O; 


for under the circumstances of its formation and analysis I only 
see one serious source of error; and that is the condensation of 
moisture from the air upon the surface of the cold brine. This 
would tend to make the amount of salt found too small. To 
this point we shall have to return. 

$ 15. Physical Condition of a Freezing-miæture. The fact that 
the rationale of a freezing-mixture is the liquefaction of solids 
seems to demand at once the conclusion that a freezing-mixture 
(of say ice and salt) must always be partially liquid. 

Nevertheless, if a mixture be made of about three parts by 
weight of finely powdered rock-salt and one part of finely crushed 
ice, the liquefaction which ensues is followed by an apparent 
regelation so complete that the whole can be handled as a solid 
mass, and becomes indeed perfectly dry. The cause of this is, 
I have no doubt, due to the temporary existence of a supersa- 
turated solution of NaCl 2 H O, a body which is formed at 
about —10°, Löwitz (—5°, Nölle) (from —3° to —20° continu- 
ously, F. G.), when saturated brine is artificially cooled. It is, 
of course, impracticable to separate this substance from the 
general mass of the freezing-mixture with sufficient precision 
to allow of its analysis. The phenomenon of solidification, 
moreover, only lasts a few minutes. Liquefaction ensues, and 
the temperature, which had made a pause, again sinks rapidly. 

§ 16. The minimum temperature of a salt-ice freezing-mix- 
ture seems to be attained between the somewhat wide margins 
of 3 of salt to 1 of ice, and 1 of salt to 2 of ice. The lowest 
temperature appears to be —21° to —22° C. 

$ 17. Liquid portion of Freezing-mizture.—It is clear that 
the liquid portion of a freezing-mixture is a brine of such a com- 
position as to resist solidification at the temperature of the free- 
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zing-mixture. Accordingly we ought to find that the liquid 
portion of a freezing-mixture has the same percentage compo- 
sition as the mother-liquor of a saturated brine from which the 
bihydrate has been separated out by the external application of 
an ice-salt freezing-mixture. To test how far this is verified 
by experience, dry ice and salt were mingled in three pro- 
portions, namely 3 of ice to 1 of salt, 1 of ice to 1 of salt, and 1 
of ice to 3 of salt by weight. The salt and ice were in the 
finest state of division, and the ice was uniformly and as tho- 
roughly dry as possible. The mixtures were constantly stirred 
in a wooden bowl for ten minutes, and then thrown upon flannel 
and pressed through. 


Ice. Salt. NaCl. 
8 1 gave a liquid containing 22:508 
1 1 £ „ 24˙343 
l 3 3 j 24711 


The amount of salt found is therefore not far off that con- 
tained in the 10 hydrate, namely 24-5. 


Cryohydrates. 


§ 18. General.— The discovery of the hydrate of chloride of 
sodium which contains about ten molecules of water to one of 
the anhydrous salt, caused me to look for similar combinations of 
water with other salts. This was of course all the more neces- 
sary, since if such combinations existed with the salts occurring 
in the sea, and if such combinations had solidifying-points within 
the range of the atmospheric temperature, the composition of 
the solid formed when sea-water freezes would be partly that 
of ice and partly that of the solid hydrates formed from the 
brine which had been enriched by the removal of water as ice. 

§ 19. It has long been known that the presence of a soluble 
salt in water depresses the point at which the liquid solidifies 
(irrespective of the nature of the body sepurated by solidifica- 
tion). Suppose now we take a solution of the salt a 5 saturated 
at the ordinary temperature and cool it. We may, above 0° C., 
either get a separation of the anhydrous a b, or some crystalline 
combination of the salt with water, a hydrate. To this NaCl is 
the only exception; for this body is equally soluble in water at 
all temperatures above 0° C. Putting Na Cl on one side, we 
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may admit, then, that the mother-liquor gets poorer and poorer 
as the temperature falls. This is obviously the case if the anhy- 
drous salt falls down ; and experience informs us that in order 
to dissolve a hydrated salt, water, and not the anhydrous salt, 
must be udded. Experience also teaches that there is no marked 
discontinuity at 0° C. We never find the whole of the salt se- 
parated before or even at 0° C. One patent consequence of this 
is that we can form a freezing-mixture (whereof a portion is 
liquid) by mixing any soluble salt with ice. We get, there- 
fore, in all cases a solution of the salt below 0° C. If as the 
temperature is still lowered anhydrous salt were to separate 
out, we should at last get pure water unfrozen below 0° C.—an 
impossible result. The same would ensue if a hydrate rieher in 
salt than is the solution were to separate out; whereas if ice or 
a hydrate poorer in salt than is the solution were to separate out, 
we should then get at a lower and lower temperature a richer 
and richer solution, and return to the very condition of strength 
which the lowering of temperature had altered. This is also 
an impossibility. Accordingly, in all cases some temperature 
below 0° C. must be reached at which, after separation of the 
anhydrous salt or a hydrate richer in salt than the solution, the 
water and salt solidify together, that is, in constant proportion. 
The effect of such solidification must be (1) the preservation 
of a constant temperature during solidification from the moment 
when the proper proportion between the water and the salt is 
reached; and (2) the preservation of that proportion exhibited 
by the identity of composition of any crop of the solid and the 
mother-liquor. It is clear that if ice and the hydrated or anhy- 
drous salt separated out in constant proportion and not com- 
bined, but merely mixed with one another, the mass would 
have a constant solidifying- and melting-point; and this would 
be below zero to the same amount as would be reached on mix- 
ing artificially the anhydrous or hydrated salt with ice in the 
same proportion. But when we have distinct and unchange- 
able relation by weight demanded by the constancy of the soli- 
difying- and melting-point, we have undoubtedly a numerical 
physical relation as fixed, and no less important than the points 
of fusion or degrees of solubilities. And if, as I shall show, all 
the hydrates formed under these conditions have distinct crys- 
tulline forms, we have all the conditions of chemical associa- 
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tion; at least I know of none other. It is an essential element 
in the existence of these compounds that they can only exist in 
the solid state below 0° C. Hence I propose to call them for 
the present “cryohydrates.”” At the ordinary temperatures 
they melt in their own water of crystallization, and appear as 
ordinary solutions never saturated. And when once the pro- 
portion between the salt and the water in a cryohydrate has 
been found, the cryohydrate can be formed in any quantity by 
dissolving the salt in water in the required proportion. Such 
a solution shows no sign of yielding up ice or anhydrous salt (or 
other hydrate) until its temperature, on being lowered, reaches 
a certain temperature peculiar to the salt (unless under supersa- 
turation) ; it then solidifies as a whole, maintaining throughout 
that constant temperature. Above this temperature (that is, in 
the melted state) it is precisely in the same predicament as a 
salt melted in its own water of crystallization. 

§ 20. The same cryohydrates are (and indeed must inevi- 
tably be) formed if we cool such a solution of the respective salt 
in water as contains a greater proportion of water than the cryo- 
hydrate. As we have seen in §§ 10, 18, where the experiments 
dealt with brine of NaCl, ice is then formed, and the liquid gets 
richer and richer in salt, falling in temperature till the ratio 
proper to the cryohydrate is reached; whereupon, as before, 
homogeneous solidification ensues without abasement of tempe- 
rature. If we approach the cryohydrate from this side (that 
is, by removing ice from a dilute solution), we are sure not to 
run the risk of being inconvenienced by the intervention of any 
intermediate hydrate similar to the bihydrate of chloride of 
sodium (§11). But such intermediate hydrates are of the rarest 
possible occurrence; so that on account of the high specific and 
latent heat of water, it is invariably most convenient to start from 
a saturated solution. 

§ 21. Cryohydrate of Chloride of Ammonium.—A saturated 
solution of NH, Cl was cooled in ice and the liquid portion 
transferred to a beaker surrounded by an ice-salt freezing- 
mixture. The temperature fell continuously, and anhydrous 
ehloride of ammonium kept falling down. At —15° the soli- 
difying part presented a different appearance. It then took the 
form of a brilliant white apparently flocculent mass lighter 
than the unsolidified liquid. After standing, with stirring, for 


AND ATTACHED WATER. 67 


a quarter of an hour, the temperature was still —15°. The 
clear portion was poured off into a fresh beaker, to which the 
cold was applied. The solidifying parts are now seen to be 
minute crystals, very much resembling ice-flowers, but opaque. 
The sides of the beaker become studded with transparent crys- 
stals of four sides, which are striated parallel to the sides. By 
and by these crystals become perfectly white aud opaque, and a 
third axis of crystallization is developed, which was at first sup- 
pressed. The crystals are perfectly beautiful, resembling, where 
opaque, frosted silver. On allowing a thick cup to freeze and 
breaking it, an exquisite pearly appearance is presented. The 
structure appears then quite fibrous, the fibres running perpen- 
dicular to the axis of the cup; and the appearance, as far as 
structure is concerned, is similar to that of sublimed chloride of 
ammonium. The temperature remains constant at —15° C., 
even to perfect dryness. The first crops of crystals were rejected 
as being possibly contaminated with NH,Cl. The last crop and 
the mother-liquor were analyzed by being weighed into glass 
basins and evaporated at 100° C. 
grms. NH, Cl. per cent. 
J. 95360 gave 1:7573, or 18:43 
M. L. II.. 60890 „ 1:1895 „ 19°56 


The analysis II., which is of the mother: liquor, corresponds 
nearly with the molecular relation NH, CI 12 H, O, which 
requires 19-98 per cent. of NH, Cl. 

§ 22. Cryohydrate of Sulphate of Zinc. — The hydrates of sul - 
phate of zine already known are very numerous. They are :— 


Zn SO,+ H, O, 
Zn SO, +2H, O, 
2Zn SO, +7 H0, 
Zn SO,+5H, O, 
Zn SO, + 6H, O, 
Zn SO,+ 7H, O. 


The last, which is the ordinary form of zinc-vitriol, when satu- 
rating water at 17°°5 C., gives a solution, according to Karsten, 
consisting of 52 per cent. of salt and 48 per cent. of water. On 
cooling such a solution to and below 0° C., the heptahydrate 
crystallizes out; and this, consisting of 56 of salt to 44 of water, 


7 
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impoverishes the mother-liquor uutil the latter contains 30°84 
per cent. of the anhydrous sulphate, The temperature is now 
—7° C., and it remains constant at this degree. The last frac- 
tion having solidified at this temperature, was remelted and the 
water estimated by evaporation and heating to 240° C. 


8:1531 grins. contained 2°5146 grms. of ZnSO, 
or 30°84 per cent. 


This corresponds very closely with the composition 
Zu SO, +20H, O. 


It is noteworthy that this cryohydrate, after standing some 
days in a hermetically sealed tube, deposits massive rhombic 
crystals and a fine powder. I have not analyzed these; they 
are possibly the monohydrate and one of the intermediate hy- 
drates insoluble in the fused cryohydrate. 

§ 28. Cryohydrate of Sulphate of Magnesium.—Combinations 
are known consisting of 1 molecule of sulphate of magnesium 
combined with 1, 2, 6, 7, and 12 molecules of water. The last 
is the more interesting because Fritsche describes its formation 
from a saturated solution of the sulphate when cooled below 
0° C. I find that when a saturated solution is cooled to - 5 C. 
and transferred to a clean vessel, it may, if perfectly free from 
crystals of the 7-hydrate, be cooled to —10° C. without any 
further solidification. As soon, however, as further cold causes 
crystallization, the temperature rises to —6° C., and remains 
constant at this point during the whole of the subsequent soli- 
dification, provided that a crystal of the previous crop is put into 
the cooled mother-liquor after each decantation. 

The composition was determined by heating to 240° C. 


7:6564 grms. gave 16786 grm. of anhydrous sulphate, 
or 21°86 per cent. 


This corresponds to 23°83 (say 24) molecules of water. Its 
molecular ratio seems therefore to be 
Mg SO, + 24H, O. 

§ 24. Cryohydrate of Nitrate of Potassium.—As far as I can 
inform myself, nitre, like the chloride of ammonium, has not 
hitherto been combined with water. The solution saturated at 
20° C. gives an abundant crop of nitre at 0° C. There appears 
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to be no intermediate hydrate, the body which separates at 
—2°5 C. being apparently pure nitre. At —2°7 another body 
is formed, whose crystalline form resembles ice. It adheres to 
the side of the vessel; when separated, it floats, being lighter than 
the mother-liquor at —2°7; but when thrown into water at 
20° C., it sinks, showing that it is notice. The last four crops. 
of crystals were analyzed. The final one was formed also 


exactly at —2°7. 
Liquid. KNO,. per cent. 


(1) 88030 gave 0°9221 or 10:4 
(2) 1:6709 „ 01959 „ 11:7 
(3). 3:0300 „ 0:3350 „ 11-06 
(4) 42280 „ 04770 „ 11:2 
The molecular relation is therefore about J: 446. 
KNO, + 44H, O. 

§ 25. Cryohydrate of Sulphate of Copper.—The ordinary hy- 
drates of blue vitriol are the mono-, bi-, and pentahydrates. 
On cooling a saturated solution, the constant temperature of 
solidification is found to be —2°C. The last crop of crystals 
being remelted, was evaporated and heated to the anhydrous 
state. 

6:6952 grms. gave 1°1312 grm. CuSQ,, or 16°89 per cent. 
This corresponds to the atomic relation of 1 : 43:7 (say 1 to 44) 


Cu SO,+44H, O. 


Each crop of crystals, when melted, and the mother- liquor 
present identically the same depth of colour. 

§ 26. Cryohydrate of Sulphate of Sodium. —A very great many 
ordinary hydrates of this salt are known. I find that a saturated 
solution has a solidifying-point at —0°:7 C. 

40630 grms. contained 1-850 grm. of Na, SO,, 
or 4°55 per cent., 


corresponding to the molecular ratio of 1: 165°6 (say 1 to 166), 
Na, SO, + 166 H, O. 

§ 27. Cryohydrate of Chlorate of Potassium.— The chlorate 
of potassium, like the nitrate, has not hitherto been combined 
with water. Almost the whole of the salt separates out in 
the anhydrous state when a saturated solution is cooled to 
0° C. On further cooling to —3° C., the solution may pre- 
sent a remarkable condition of double supersaturation. If at 

VOL. 1. G 


70 MR. F. GUTHRIE ON SALT SOLUTIONS 


this temperature a crystal of anhydrous chlorate is dropped in, 
anhydrous chlorate is formed in considerable quantity. If an 
ice fragment is introduced, ice only is formed. If both are 
thrown in, both are formed, the one set of crystals floating, 
the other sinking. If the temperature of the supersaturated 
solution be further cooled, the proper cryohvdrate separates 
out and the temperature rises to —0°5. The normal formation 
ensues on introducing a crystal of the cryohydrate from one 
crop to start the formation of the next. This phenomenon, 
which is not without its counterpart in some other cases, argues 
forcibly for the existence of a distinct crystalline form proper to 
the cryohydrate. 
(1) 18:2512 grms. of cryohydrate gave 0:3912 grm. KCIQ,, 
or 2°95 per cent. 
(2) 13:5810 grms. of cryohydrate gave 0°3915 grm. KC10,, 
or 2°88 per cent. 
The molecular relation is exactly 


k CIO 222 H. O. 


§ 28. Cryohydrate of Bichromate of Potassium.—I chose this 
salt because it is not constructed on the ordinary salt type. I 
found it solidified entirely at —1° C. The crystals, which are 
at first transparent, become opaque, and are of a bright straw- 
yellow. 

5:4968 grins. gave 02868 K; Cr, O,, or 5:305 per cent. 
This gives the largest ratio of water, namely 
K, Cr, O, +292 H,O. 

As with the sulphate of copper, so in this case all crops of 
crystals, when melted, had exactly the same depth of colour. 

§ 29. Sources of errur.—I need scarcely point out that the 
molecular ratios derived from the above experiments can only 
be considered provisional. In the case of bodies which com- 
bine with as many as forty and upwards molecules of water, a 
very slight error in the determination may make a difference of 
one or two molecules of water. In those which have a very low 
solidifying-point, another source of error creeps in. The liquids, 
even on pouring from one vessel to another, dilute themselves by 
condensing moisture from the air. With due regard to the pro- 
bable direction of error in each case, I venture to submit the 
following tabulation, showing in column 1 the anhydrous salt, 
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in 2 the temperature Centigrade of solidification, in 3 the 
actual percentage of anhydrous salt found, and in 4 the num- 
ber of molecules of water to one of salt. 


Tase VIII. 


Temperature of Solidification and Molecular Ratio of Cryohy- 
drates. 


(ij | (a) (3) 
Per cent. of 

Temp. Cent. alt. 

NaCl . . . . 283 23-603 
NH, Ci . 215 19-56 
Zns0 . | 27 30-84 
gs. i 6 21-86 
ENO, 0000000. i —27 | 11-20 
Cusco — 7 16-89 
Na, SÔ, vosseescsce: — 07 4.35 
KÄO, | . . — 05 2-93 
(K, Cr. O, oo... — 10 5-306 


§ 30. The above are arranged according to the molecular 
ratio, NaCl having the least number of molecules of water. At 
once an important law declares itself: those cryohydrates 
which have the lowest solidifying temperatures have the fewest 
molecules of water. This law holds true with all which have 
been examined, with the exception of the bichromate of potas- 
sium, which, if placed according to its temperature of solidifi- 
cation, would be above the sulphate of sodium. Is this due to 
its abnormal composition? Such questions suggest themselves 
by the score on contemplating this Table VIII. 

§ 31. I have found the solidifying-points, and have hermeti- 
cally sealed specimens, of the cryohydrates of a few other salts, 
and am collecting more previous to analyzing them. I give their 
solidifying-points in the order of the degree of cold; and it will 
be of great interest to see whether their molecular ratios fall in 
accord with the above rule. 
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Solidifying temperature 
Salt. of cryohydrate. 
. 2230 
KBr. .. 2430 
KCl. . —ll'4 
Na CO. — 20 
Ba NO. ... — 08 
H C. O. . — 05 


Perhaps the most promising direction of inquiry for the 
establishment of such a uniformity of result as may be used for 
the prediction of untried experiments will consist in a careful 
study of the nine salts between K, Na, and NH, on the one 
hand, and Cl, Br, and I on the other. 


Some Experiments with Sea-water. 


§ 32. Freezing sea-water.—The sea-water with which the fol- 
lowing experiments were performed was procured from Dover. 
After filtration, it was found to have at 760 millims. the boiling- 
point 100°-6, while the temperature of its vapour was100°-2. This 
sea-water began to freeze at —2°C. On evaporation on a water- 
bath and keeping at 100° C. for two hours, the percentage of solid 
residue was 6:5786. A large beaker of this sea-water was cooled 
to Oe C. A tin vessel was supported inside the beaker so that its 
bottom just touched the surface of the water; and a freezing- 
mixture was placed in the tin vessel. When about +1, of the 
whole had solidified, the solid was removed and divided into 
two parts: one was allowed to melt, and its percentage of solid 
matter was determined as above; the other was broken up and 
frequently pressed between linen and flannel in a screw press, 
being allowed to melt as little as possible. The percentage of 
solid matter in this also was determined. The following num- 
bers show the result of this examination :— 


Per cent. at 100° of 
solid residue. 


Sea- water 65786 
Frozen sea-water . . 54209 
Frozen and pressed sea-water . 04925 


It appears, then, that under these conditions the freezing of 
sea-water is little more than the freezing of ice, and that the 
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almost undiminished saltness of the unpressed ice is due, as 
suggested by Dr. Rae, to the entanglement amidat the ice- 
crystals of a brine richer in solid constituents than the original 
water itself. Such brine, which is here squeezed out in the 
press, draina in nature down from the upper surface of the ice- 
floe by gravitation, and also is replaced by osmic action by new 
sea-water which again yields up fresh ice; so that while new 
floes are porous and salt, old ones are more compact and much 
fresher, as the traveller observed. 

§ 33. But, bearing in mind the existence of the cryohydrates, 
certainly of sulphate of magnesium and doubtless also of 
chloride of calcium at temperatures below 0° C., a rapid fall 
of temperature may be accompanied by more complex pheno- 
mena of gelation; for if the ice be quickly removed from a 
large mass of water by freezing, the resulting brine may easily 
be so enriched as to throw out one or more cryohydrates, which 
thus perpetuate in sifu a definite amount of saline matter. How 
far such cryohydrates are soluble in the chief cryohydrate, 
namely that of NaCl, which by itself resists the cold so 
long, is an important matter for future research, But there 
can even, viewed in the light of the experiments given above, 
be little doubt that the degree of saltness of a floe depends not 
only upon its age, but also upon the rapidity with which it was 
at first formed, and upon the lowest temperature to which it 
has subsequently been exposed. 

§ 34. Since sea-water has no maximum density below its 
freezing-point, when a mass of sea-water is uniformly cooled 
to —2°C. ice will be formed at any point, whether at the 
bottom or at the surface, which loses more heat. Even the 
middle of a mass of sea-water may lose heat by radiation, 
and crystals of ice be thus formed in the mass. Or the 
bottom of the sea may radiate sufficient heat through the iee- 
cold layers above to freeze the water in contact with it, and 
thus generate large masses of ice which break off and carry with 
them parts of the sea-bottom. But I suppose the ice of the sea 
is mainly formed at or near the surface by radiation from the 
surface into space and by contact with the colder air. To imitate 
as nearly as I could the condition which I suppose to exist, I 
cooled the sca-water to —2° C. in a beaker, which F enveloped 
thickly with flannel. I tried in vain to freeze the surface by 
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blowing over it dry air which had passed immediately before 
through a long pewter worm immersed in a freezing-mixture. 
But I succeeded in getting a sheet of ice when I hung a freezing- 
mixture contained in a blackened tin pan within about 4 inch 
of the surface of the water, the whole being plentifully enveloped 
in flannel. Perhaps here the actual conditions which obtam 
when sea-water freezes were reproduced. I found that the 
pressed ice contained only 0°4052 of solid residue at 100° C. 

§ 35. The question suggested itself to me whether, when 
one part of a solution of a salt is cooled, there may vot be 
an accumulation of salt in the cooler part, although not ac- 
companied by any solid separation. I accordingly cooled a 
saturated solution of nitre to —1° C. and decanted from the 
separated nitre. I then warmed the solution in a tall beaker- 
glass to 60° C. and placed the bottom of the beaker in melt- 
ing ice. In an hour’s time a thermometer at the bottom stood 
at 10° C., at the top at 33°. A specimen from the bottom eon- 
tained 11°3 per cent. of nitre; one from the top contained 11-7 
per cent. of nitre—showing that there was no sensible diffusion 
of the salt one way or the other. 


General Considerations. 


§ 36. Maximum density of Water.—It was shown that brines 
of various strength, when mixed with water, absorbed heat and 
expanded. Let us look upon ice as the cryohydrate of water. 
Water shrinks as it loses beat till it reaches 4° C. At this 
point ice is formed, which, however, is dissolved in the water. 
A solution is obtained having a temperature of solidification 
below 4° C., namely at 0° C. At Oe C. the ice and the water 
solidify together, producing the compound body or cryohydrate 
called ice, which is thus a cryohydrate of water. The expansion 
from 4° to 0°is due to the greater and greater amount of ice which 
the water holds in solution, and which expansion is greater than 
the contraction of the water due to the diminished temperature. 

§ 37. Variation of media.—There can be no doubt that the 
discovery of an enormous number of new bodies of definite 
composition will reward those who labour in this field. Taking 
water as the medium for solution, there appears to be no doubt 
that every soluble salt has a definite cryohydrate ; so that in this 
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direction alone the number of new bodies awaiting discovery 
and description may be estimated at half the number of bodies 
already known. If we vary the medium, employing, say, alcohols 
or hydrocarbons as solvents, the number of new compounds will 
be again indefinitely increased; so that it is fairly within the 
truth to assert that the number of known bodies may soon 
be doubled. 

§ 38. Geological.— The behaviour of mixtures of salts will 
again offer a new chapter for study; and I suppose we may 
expect that much light will be thus thrown upon some of the 
most obscure geological questions. For though we have been 
considering above cryohydrates (that is, compounds of water 
solidifying below the freezing-point of water), there can be no 
discontinuity separating the medium water with its peculiar 
temperature of solidification from other media of very different 
melting-points. We know already, indeed, very many instances 
in which the mixture of two bodies has a lower melting-point 
than either of its constituents. What must happen, then, if a 
mass of molten rock, such as a silicate, is saturated at a high 
temperature with another silicate? When the mixture cools, 
the second may separate out in the solid form, perhaps as 
quartz, perhaps as felspar, or what not. Anon, at a certain 
lower temperature, solidification takes place between the medium 
and the dissolved rock in definite proportion—definite, though 
perhaps not necessarily in chemical ratio, but presenting that 
mineralogical ratio which is so striking, and which has not 
hitherto been satisfactorily explained. 

§ 39. Constant temperatures.—Perhaps one of the most in- 
teresting aspects of the experimental results is the establish- 
ment of fixed temperatures below zero. With the exception of 
the melting-points of a few organic bodies such as benzol, and 
the boiling-points of a few liquids such as liquid ammonia, sul- 
phurous acid, and carbonic acid, and the rather ill-defined tem- 
peratures to be got by various freezing-mixtures, there are no 
means in the hands of physicists for obtaining and maintaining 
with certainty and ease a fixed temperature below 0° C. Now, 
if we surround a body with one of the solid cryohydrates de- 
scribed above, the body is kept at a corresponding tempera- 
ture as long as any of the cryohydrate remains solid, and this 
with as much certainty as the temperature 0° C. can be main- 
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tained by melting ice. We thus command-temperatures between 
— 23° and 0° C. with the greatest precision. 

§ 40. Invitation to others. need scarcely point out that the 
field of inquiry which has been here opened is far too large 
to be satisfactorily examined by one worker. It is notably at 
the commencement that the collaboration of many workers is 
most beneficial, so that fundamental errors may be quickly 
corrected. On this ground I respectfully invite my fellow- 
labourers to this branch of inquiry. 

I have received through a considerable part of this inquiry 
much valuable assistance from my friend Mr. F. H. Marshall. 


January 18, 1875. 


XII. On Salt Solutions and Attached Water. 
By FREDERICK GUTHRIE. 


H. 


Cryogens and Cryohydrates. 
By Cryogen I mean an appliance for obtaining a temperatute 
below 0° C. In this paper it always signifies a freezing-mix- 
ture. By Cryohydrate I mean the body resulting from the 
union of water with another body, and which hydrate can only 
exist in the solid form below 0° C. As this communication is 
in every respect continuous with the one brought before the 
Physical Society on November 7th, 1874, and published in the 
Philosophical Magazine for January 1875, the paragraphs are 
numbered in sequence with those of the previous communication. 


CrYOGENS. 


Precision of Temperature of Freezing-mixtures. 

§ 41. In § 39, when I was speaking of the possible uses of 
eryohydrates for the maintenance of constant temperatures, I 
said :—‘‘ With the exception of the melting-points of a few 
organic bodies such as benzol, and the boiling-points of a few 
liquids such as liquid ammonia, sulphurous acid, and carbonic 
acid, and the rather ill-defined temperatures to be got by various 
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freezing-mixtures, there are no means in the hands of physicists 
for obtaining and maintaining with certainty and ease a fixed 
temperature below 0° C.” 

In regard to freezing- mixtures, I confess to have been here 
very much misled by the confident but rather erroneous statements 
of others, towhich I attached faith trebly blind—blind, because no 
recorded experiments really support them, blinder still because 
a little thought in the right direction must have shown their 
fallacy, and blindest of all because the one experiment of my 
own in this direction (§§ 16 and 17) shows that the minimum 
temperature of an ice-salt cryogen is reached whether we take 
the ratios 3 of salt to 1 of ice or 1 of salt to 2 of ice, and so points 
to the wideness of the margin of ratio which may obtain between 
the weights of ice and the salt. It will further be shown in 
§§ 4446 that the temperature of the constituents has nothing 
to do with the temperature reached, and in § 49 that the degree 
of hydration of the salt employed is often without effect. 

Accordingly I unqualifiedly withdraw the expression “ ill- 
defined“ as applied to freezing- mixtures. They may be, on the 
contrary, bodies of precise temperature under widely varying 
circumstances. 

§ 42. The enormous latent heat of water, the fact that the 
specific heat of ice is only about half that of water, while the 
specific heats of all salts are far less than that of ice, and there- 
fore, @ fortiori, less than that of water, together with the good 
thermal conductivity of water, all argue that, if constantly stirred, 
all parts of a freezing-mixture will have the same temperature. 
The fact that the liquid portion of a freezing-mixture of ice and 
a solid salt is the cryohydrate of that salt, ensures the identity 
of the resulting temperature under various conditions of propor- 
tion. The constant tendency to the formation of this cryohydrate 
by contact between the solids is always seeking to depress the 
temperature; while the solidification of the cryohydrate at an 
indefinitely small fraction of a degree below the temperature of 
the freezing-mixture, and the consequent liberation of heat, en- 
sures the temperature against such fall. 

Statements therefore, whether previously made by myself or 
others, that it is advantageous to weigh the salt and ice in defi- 
nite proportion, that the ice should be dry, that snow is preferable 
to ice on account of its state of fincr division, that additional cold 
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is produced by previously cooling the ice or salt or both, are to 
be put aside as untrue—untrue, that is, as far as the temperature 
or heat-tension is concerned. To obtain the greatest quantity 
of heat-absorption with a given amount of salt, such a quantity 
of ice must be taken as will form with the salt a cryohydrate. 
The proportions can be at once gathered from Table X. § 90. 

§ 43. Further, the fact that all cryohydrates, with, I believe 
at present, the sole exception of sulphate of zinc and chloride of 
magnesium, have far more water than that ordinary hydrate 
which has most water, shows that it cannot matter whether a 
salt which affects water of crystallization be employed in the 
anhydrous state or with its crystalline water. 

It may, however, be otherwise with salts containing the ele- 
ments of water more intimately associated ; and, as we shall see 
in one case at least, an anhydrous compound may melt ice with 
which it is in contact and heat the so-formed water far above 
zero, while the compound so formed, when cool, will when mixed 
with a fresh quantity of ice absorb heat abundantly. I suppose 
in such cases double decomposition ensues ; and though nothing 
is eliminated, there is a rearrangement of the elements more in- 
testinal than that effected by the association with water. 

§ 44. Effect of the Temperature of the Ingredients on that of 
the Freezing-miæture.— An ounce of finely powdered chloride of 
sodium was cooled in a flask surrounded by a freezing-mixture 
till its temperature was —15° C. It was then stirred with four 
ounces of ice, which had been cooled and had the temperature 
—10°. As soon as liquefaction began, the temperature — 22 
was reached; and this degree of cold was never surpassed. 

§ 45. The same degree of cold (—22°) resulted from the 
mixture of 1 oz. of NaCl at —15° with 4 os. of ice at 0°, also 
when 1 oz. of salt at +12° C. was mixed with 4 os. of ice at 
—12° C. 

§ 46. Indeed the margin of temperature may be greatly ex- 
tended. Thus, I oz. of NaCl in powder was heated to incipient 
redness and thrown upon 5 or 6 oz. of ice at 0°; after a few 
minutes constant stirring, the temperature had reached — 22°. 

§ 47. loz. of dry anhydrous Na, SO, was heated nearly to 
redness, and thrown upon 4 oz. of ice at O°. In a few minutes 
the temperature had sunk to — O7. Again, an ounce of anhy- 
drous CuSO, was heated to about 600° C., and thrown upon 
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4 oz, of ice; the temperature at once sank to —0°:5 (compare 
§ 55). . 

§ 48. From the above experiments, and from the theoretical 
considerations touched upon in § 42, I conclude that, within very 
wide limits as to quantity, the temperature of a freezing-mixture 
may be very independent of the temperature both of the salt 
and of the ice. 

§ 49. Effect of Crystalline Water in the salt on the Tempera- 
ture of the Freezing-mixture—From § 26 it appears that crystal- 
lized sulphate of soda (Na, SO,+ 7H, O) gives with ice a tempe- 
rature of —0°7. Deprived of water, the anhydrous salt N SO, 
gave with ice the temperature also of — O7. Sulphate of cop- 
per in the anhydrous state produced, when mixed with ice, a 
temperature of —1°7, while with the ordinary crystallized 
hydrate the temperature was —2°. 

§ 50. Having examined six or seven other salts as to the tem- 
perature of their freezing-mixtures when employed both with and 
without their crystalline water, I do not scruple to assert that 
waterof crystallization, properly so called, takes no effect upon the 
temperature of the freezing-mixture; and I believe the same is 
true of that water which has been called constitutional. But 
where a profound rearrangement of the elements of water ensues, 
the effect may be different, as appears in the next paragraph. 

§ 51. The chloride of aluminium, AlCl, as offered in com- 
merce, fumes strongly in the moist air, so great is its avidity for 
water. Thrown upon several times its own weight of ice, the two 
liquefy and the temperature stands above 0°. The strongest 
commercial solution of chloride of aluminium, however, when at 
the temperature of the air or at 0° or at 100° C., will reduce the 
temperature to — 18° when poured upon three or four times its 
own weight of ice. I suppose the anhydrous chloride may be 
viewed as separating the atoms of the water-molecule, as is 
supposed to be the case with the chlorides of phosphorus. 

§ 52. Hydrochloric Acid as a Cryogen with Ice.—Ordinary 
commercial hydrochloric acid when poured upon ice may produce 
as much as 22° of cold. The amount of HCl in the hydrochloric 
acid, however, is here to be as much considered as it would have 
to be if we dealt with ice and a solution of NaCl. In the expe- 
riments which are given in the succeeding paragraphs as far as 
§ 54, the hydrochloric acid employed was formed by saturating 
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water with the gas, while the liquid was kept after absorption 
had ceased for half an hour at 0° while the acid passed through. 
The barometric pressure was 770 millims. This may be consi- 
dered a normal acid. 

§ 53. The acid at 0° was poured in various proportions upon 
ice at OO. Fifty grms. of ice were used in each experiment. The 
Table shows within what small limits of ratio the minimum 
temperature is reached. In the Table the weight of the ice is 
taken as unity. 

Weight of ice e of yaa O Resulting 


at 0° C. 0°C, Temperature. 
1 1˙5 5 4 
1 0˙4 —26 
1 0°3 —23 
1 0-2 —19 


We are therefore, when dealing with a cryogen one of whose 
constituents is a liquid, much more limited in the range of ratio 
which we may employ to procure the maximum cold than is the 
case when both are solid. 

§ 54. Accordingly, in examining the effect of the alteration in 
the temperature of one or both of the constituents, it is necessary 
always to use the same ratio. Inthe Table below, the ratio used 
was that which gave the maximum cold when both were at 0° C., 
namely 1 of ice to 0°4 of the saturated solution of HCI. It must 
be understood that in those cases where the hydrochloric solution 
was used below 0° C., it is not meant that the saturation with 
HCl took place at that lower temperature, but that, having been 
saturated at 0°, the solution was subsequently cooled to the lower 
temperature. 

1 ice at — 15 with 0-4 HCl sol. at 0° gave — 28. 
l „ 0° „ 04 „, „ 159 75 —27°. 
l „ — 155 a 0˙4 „ 35 —12° 75 — 27. 

All these numbers are sufficiently near to — 26°, the number 
got when both ingredients are at 0°, to justify the conclusion that 
the temperature of the ice has something, but little, to do with 
the temperature of the freezing-mixture. And it appears that 
the temperature of the HCI solution is also without effect, pro- 
vided that the saturation has been effected at the same tempera- 
ture and pressure. The water acts, indeed, here much as the 
water of crystallization acts in the case of solid salts. 
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§55. Table of Freering-miætures.— In the following Table 
the lowest attainable temperature is given. This, as we have 
seen, is independent of the temperature of the salt and its degree 
of crystalhydration. The temperatures are got on mixing the 
salt with three to six times its weight of ice in lumps of the size 
of a pea downwards. The salts are arranged according to the 
degree of cold they furnished. 


TABLE 1X.—Freezing-mixtures. 


Nat. . 280 KCl. . —105 

270 K CrO, .. . 10:2 
"L 280 | BaCl,+2H,O . 7˙2 
Nal. . 265 Sr N00 6˙0 
CuCl, >... 24:5 | MgSO,+7H,O . 5˙3 
K. . 22.0 ZnSO,+7H,O . 50 
NaCl . 220| KNO... 3-0 
MgCl, + 6H, 0 205 Na COO 2˙2 
SrClz T 6H 18:0 | CuSO,+5H,O . 20 
NH, S0,. g a 17:5 | FeSO,+7H,O . 17 
NH, BE. 170 K, S0. 1˙5 
NH,NO, .. . 17:0 | KCrO . . . 1:0 


NaNO,. . . . 16:0 Ba2NO, TE 0:9 
NH. CJ. 16:0 | Na, SO, + 10H, 0 0˙7 
FeCl], (commercial) 160 | KCIO, . . . 0:7 
Ca2NO,+4H,0. 14:0 | AINH, 280. +12H, O 0:4 
KBr. . . 13:0 | Hg Cl, bse 0-2 


AIC], in drong sol. 13:0 NH,CO, T 0:2 


We shall study this Table in connexion with the temperature 
and molecular ratios of the cryohydrates of the same salt. 


CRYOHYD RATES. 


Cryohydrates of the Halogen Alkalies. 

§ 56. As was anticipated in § 31, the study of the nine salts 
resulting from the union of the halogens with the alkali metals 
has brought to light many points of interest. The two members 
of this family which I had previously examined were NaCl, 
solidifying at —23° with 10°5 molecules of water, and NH. Cl, 
solidifying at —16° with 12 molecules of water. I have reexa- 
mined the cryohydrate of chloride of ammonium ; and the mean 
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of several analyses gives 19°27 per cent of chloride, which brings 
the ratio to NH, CI 12°4 H, O. 

There is nothing particular to remark in the analysis of this 
group. All, excepting the ammonium salts, bear heating to 300° 
or 400° C. without decom position or volatilization. The liquid 
cryohydrates were weighed in covered basins of Bohemian glass, 
evaporated to dryness, strongly heated, covered, and quickly 
cooled. The ammonium salts were heated on the water-bath 
till they ceased to lose weight. 

§ 57. Iodide of Potassium.— This salt, which at the ordinary 
temperature is so abundantly soluble in water, yields a large 
proportion of anhydrous salt when cooled. An ice-salt cryogen 
fails to solidify it, but just brings it to the verge of solidification, 
removing all the free salt in the same manner as it does with 
NaC] solution, excepting that there does not appear to be any 
intermediate cryohydrate corresponding with NaCl+2H, O. 
The KI solution appears to be homogeneous at —8° or —12°. 
When subjected to solid CO, and ether, it at once begins to so- 
lidify at —22° to — 28°, and retains this temperature to dryness. 
Of the four parts into which the substance was divided as it so- 
lidified, two were analyzed—namely, the second crop of crystals, 
and the finally solidified and remelted mother-liquor. Of the 
first, 5°8240 grms. gave 3°0120 anhydrous KI, or 51°72 per 
cent.; of the second, 6°3960 grins. gave 3°331, or 52°07 per 
cent. The latter corresponds to the molecular ratio 

KI +8°5 H, O. 

858. Bromide of Potassium.—This forms a cryohydrate of 
great beauty. At —13° the characteristic crystals are seen to 
be produced. They have the fern-like shape of ice-crystals. 
The fronds are studded with a fructification of opaque crystals, 
whose opacity seems to spread through the at first transparent 
fronds till the whole resembles frosted silver. The two portions 
which were taken for analysis were the final part, or that which 
solidified last, and the immediately preceding crop of crystals. 
Of the former, 7 8285 grms. gave 2°5170 of KBr; of the latter, 
9°4560 grms. gave 3:0070 dry salt. These correspond respec- 
tively with 32°15 and 31°80 per cent. The first points to the 
molecular relationship 

KBr + 13:94H,0. 
§ 59. Chloride of Potasstum.—Since KI is thus seen to com- 
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bine with 8°5 of water and KBr with 14 of water, the one a 
fraction and the other a whole number, I spared no care in the 
preparation and analysis of the chloride of potassium, to see 
whether the fractional relationship did not arise from experimental 
error. Perfectly pure K, CO, was dissolved in a slight excess of 
HCl, evaporated to dryness, and ignited in a platinum basin. 
The KCl was recrystallized four times. Six ounces of the 
saturated solution were cooled ; solid matter separated down to 
— 10°. At this temperature the scparated salt appeared as a 
cloudiness in the liquid, a little heavier than the latter, and of a 
granular but translucent appearance. The liquid may now be 
cooled to —15°; but it is now a supersaturated solution of the 
true cryohydrate—a solution, it is to be observed, of which the 
solid crystals present are unable to determine the solidification. 
At a little below —15°, long ice-like crystals shoot out and the 
temperature rises to —11°°4, which is the crystallizing-point of 
the cryohydrate. From this behaviour I am disposed to admit 
that there may be an intermediate hydrate similar to the bihy- 
drate of NaCl. 

Of the last portion which solidified, 6-588 grms. gave 1:320 
of anhydrous salt. Of the previous crop of crystals 7:869 
grms. gave 1°579 of salt. These show the respective per- 
centages 20°03 and 20:07, both of which point to the relationship 


KCl+165 H, O. 


§ 60. The halogen salts of potassium arrange themselves ac- 
cording to the cold required for the solidification of their cryo- 
hydrates, and according to the molecular ratio of water, as 


follows :— | 
Number of 
molecules of 
Solidifying-temperature water to | 


of cryohydrate. of salt. 
KI... —23 8:5 
KBr. . . —13 14:0 
KCI. . 114 16:5- 


We find here the general rule confirmed, that among like 
salts the lower the temperature of solidification of the cryohy- 
drate, the smaller is the number of molecules of water which it 
contains. 

$ 61. Iodide of Ammonium.—This salt gave me considerable 
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trouble. It is difficult to obtain in perfectly colourless crystals ; 
and both the solid and its solution are disposed to change 
colour, becoming brown when kept, even in the dark. Heating 
iu a water-bath with constant stirring restores the dry altered 
salt to a light-grey colour. Analysis showed that this colora- 
tion did not sensibly affect the percentage composition of the 
salt; but still its power of assuming water might be seriously 
affected. A saturated solution was exposed for some hours to 
an ice-salt cryogen at —22°; it was then exposed to the car- 
bonic-acid-and-ether cyanogen. It solidified wholly at from — 27 
to —28°, While solidification is taking place, the cryohydrate 
is nearly perfectly white. When dry and over-cooled, it as- 
sumed a pinkish grey colour, resembling chloride of silver which 
is beginning to be affected by light. 

The analysis of these portions is given, namely :—(1) the 
last to solidify or remelted mother-liquor ; (2) the immediately 
preceding crop of crystals; and (3) the crop before (2). As 
the results are by no means in good accord, I give them 


all :— 
Solution. I. per cent. 
(1). . . . 52935 gave 29375 or 55°49 


(2). . . . 54960 „ 32120, „ 58-42 
(3). . . 84560 „ 48675, „ 57°56 


The portion (1), which, being the last, is in one sense likely 

to be the most homogeneous, corresponds to the relationship 
NH,1+6°44H, O. 

The portions (2) and (3) would indicate as much as 0:7 mole- 

cule less of water. 

§ 62. Bromide of Ammontum.—This salt separates as a cryo- 
hydrate from a saturated solution at —17° C. Its formation is 
well marked, and its analysis was satisfactory. Of the final 
portion, 4°2591 grms. gave 1:3680 of NH, Br. Of the imme- 
diately preceding crop of crystals, 5:5990 grms. gave 1:8010 
of NH, Br. The percentages are 32°12 and 32°17 respect- 
ively : these numbers correspond to the relationship 


NH, Br+11°15H, O. 
§ 63. Taking the value of the cryohydrate of chloride of am- 


monium from & 56 as NH,Cl+12:4H,O, we have for the 
halogen salts of ammonium :— 
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Number of 
molecules of 


8 water to l 


of eryohydrate. of salt. 
NH. J. 2275 6˙4 
NH,. Br. 17 11˙1 
NH,Cl . . 16 12˙4 


whence it is gathered that the relative faculties of chlorme, 
bromine, and iodine, in depressing the temperature at which the 
cryohydrates are formed, are similar with ammonium to their 
faculties with potassium ; namely, with both, iodine gives a 
lower-solidifying cryohydrate than bromine, and bromine lower 
than chlorine ; and we have here also confirmation of: the rule 
that in the same series the aquavalents diminish with the tem- 
perature of solidification. 

§ 64. Bromide of Sodium.—To complete this series I take 
now the halides of sodium. The bromide of sodium sepa- 
rates from a saturated solution as a cryobydrate at —24° C. 
Taking the last and the next to the last portions, 7:5010 grms. 
of the former gave 3°1000 of anhydrous bromide; of the latter, 
8:3160 grms. gave 3:4605 of NaBr. The corresponding per- 
centages are 41°33 and 41°61, the first of which indicates 8°12 
and the second 8:08 molecules of water to 1 of the salt. 


NaBr + 8:12 H, O. 


§ 65. Iodide of Sodium.—A saturated solution of iodide of 
sodium presents in the most remarkable manner the phenome- 
non of supersaturation. It may be cooled to — 227, freely ex- 
posed to the air, and shaken without solidifying. On being 
placed in contact with solid carbonic acid and ether, it solidifies, 
and its temperature instantly rises to —15°. The solidification 
once started by this extreme cold, the temperature remains con- 
stant at — 15°. Fragments of the cryohydrate so formed in- 
duce solidification in other portions subjected to the ice-salt 
cryogen. The last two portions were analyzed. Of the very 
lust, 6:4000 grms. gave 3:8050 of Nal, or 59°45 per cent. Of 
the next to the last, 10:2450 grms. gave 6:0845, or 59°39 per 
cent. The molecular ratio of the cryohydrate is accordingly 

Nal + 5°82 H, O. 

Correlating the iodide and bromide of sodium with the chlo- 
ride, we have, therefore, 

VOL. 1. i H 
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Number of 
molecules of 
Solidifying-tem perature water to l 


o cryohydrate. of salt. 
Nal .. —15 5°82 
NaBr . . —24 8°12 
NaCl . . —23 10°5 


§ 66. It appears that the iodide of sodium forms the first ex- 
ception we have yet met with to the general rule; for while its 
solidifying-point is above that of its companions, it attaches to 
itself a less number of water-molecules. In the Table below the 
whole nine combinations are shown ; and they are there arranged 
according to the number of molecules of attached water, or in 
what might be called their“ aquavalents ” if this expression were 
not too symphonous with “ equivalents.” Say, therefore, water- 


worths.“ 
Temperature of 
soliditication of 


Salt. cryohydrate. Water-worth. 
Na! 15 5˙8 
NH. J. 227 6˙4 
NaBr . . . . —24 8:2 
. 223 8:5 
NaCl... . —23 10:5 
NH,Br . . . —17 11˙1 
NH,Cl . . . 16 12:4 
KBZ r. . —18 14-0 
Kl! . 14 16°5 


It appears that, for the same halogen, a sodium salt attaches 
less water than an ammonium salt, and the ammonium salt less 
than the potassium salt, Also, for the same metal, an iodine salt 
attaches less water than the bromine salt, and the latter less 
than the chlorine salt. 

Or if we denote by "XM the number of molecules of water 
attached to one molecule of XM, then 


"X Na<"X NH. XK, 


and 
“IM <"BrM = <"CIM. 
This remarkable rule has no exception amongst the above nine 
salts; and the only exception to the general rule, that the lower 


e 
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the solidifying-point the fewer the molecules of associated water, 
is offered by the iodide of sodium. Concerning this see & 68. 

§ 67. It may be perhaps more than accidental that the num- 
bers of molecular water-worths show a distinct tendency to be 
multiples of 0-5. For my own part, recognizing the possible 
range of analytical error, I for the present distinctly forbear 
to express any opinion as to whether we ure here dealing 
with the same physical force which constitutes chemical attrac- 
tion, and which regulates the integral ratios of molecular com- 
bination as most chemists appear to understand the term—or 
whether it is a distinct or distinctly conditioned force binding 
the salt and water together in quite a new ratio, or a ratio which 
can only be brought to the chemical one by multiplication by 
constants, at present arbitrary. 

It is useful, however, to reflect that almost innumerable in- 
stances are known in which the molecular ratio between a salt 
and its ordinary water of crystallization is not a simple one. 
On examining the published determinations of water of crystal- 
lization effected by the chemists who are or have been both ac- 
curate and scrupulous, we find that in many cases a less simple 
numerical ratio between the salt and its water would often cor- 
respond with the derived result far better than the ratio which 
has been thence deduced. 

§ 68. With regard to the solidifying-point of the cryohy- 
drate of iodide of sodium, I may here at once mention the ex- 
ceedingly interesting fact which will be discussed in its proper 
place, that while the cold of a cryogen formed by mixing 
with ice any one of the other of these eight salts is so closely 
near as to be considered identical with the solidifying point of 
the corresponding cryohydrate, the cold of a freezing-mixture 
consisting of ice and iodide of sodium far exceeds — 15°, and in 
fact reaches —28°, nearly the lowest temperature which I have 
yet got. On this ground it would be really entitled to be placed 
at the head of the list of the nine, where its water-worth has 
placed it in Table (§ 66). 

§ 69. Speculation concerning NaI.—It is clear that when a 
freezing-mixture is in action, the liquid portion is a solution of 
the salt of such a strength that it resists solidification at the 
temperature of the mixture. Accordingly there must be a cryo- 
hydrate of sodium which remains liquid down to — 28°. Is its 

H 2 
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crystalline form so peculiar as not to respond by solidification to 
any solid particles in the air, and so to be an exceptionally per- 
sistent instance of supersaturation ? Perhaps the cryohydrate 
can only exist in the liquid form. When it loses heat, it does 
not solidify as a whole, but in two parts, each of which is less 
soluble than the two together. For this reason the mixed solid 
separated would in all its stages have the same composition as 
the simple cryohydrate, while its separation, when once begun, 
might keep itself in activity. The heat-tension then exhibited 
would be the mean of the temperatures due to the solidification 
of each constituent. 

I can scarcely assert that this is a satisfactory or even to my 
own mind a clear explanation of the phenomenon. The diffi- 
culty would be to some extent removed if we could get evidence 
of an intermediate cryohydrate resembling that which exists 
with NaCl. Of such a cryohydrate I have no substantial evi- 
dence to offer at present. i 


Cryohydrates of Alkaline Sulphates. 

To sce whether the noticeable relation between sodium, am- 
monium, and potassium is valid in other compounds of these 
metals, their sulphates were examined. | 

§ 70. Sulphate of Ammonium.—This body, when dissolved to 
saturation in water, yields abundantly the ordinary bydrated 
sulphate of ammonium when cooled to 0° C. The separation 
stops shortly below 0° C.; and the solution may be cooled to 
— 22° while the liquid remains quite clear. This possible de- 
pression of the temperature in presence of one hydrate is clearly 
a happy incident in the genesis of the cryohydrate as far as the 
assurance of the freedom of the latter from the former is con- 
cerned. On cooling by means of carbonic acid and ether, soli- 
dification ensues shortly below — 22°, and the temperature rises 
to — 17°, at which it remains constant. Of the portion last to 
solidify, 7°0105 grms. on evaporation to dryness and heating to 
130°, gave 2:9280 of 2NH,, SO, or 41:7 per cent. Of the im- 
mediately preceding portion, 4°0695 grms. gave 1:7195, or 
42:2 per cent. The first of these corresponds to the relation 

2NH,, S0. 7 10°22 II O. 

§ 71. Sulphate Potassium.— The saturated solution of this 

salt solidifies at —1°2. Of the last portion, 3:9095 grms. 
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yielded 0:3075, or 7:8 per cent. of K,SO,. Of the immedi- 
ately preceding part, 5°2905 grms. gave 0°3960, or 7'5 per 
cent. The first of these shows the molecular relation 

K, SO, + 114°2 H,O. 


§ 72. Sulphate of Sodium.—This was examined in § 26. Its 
cryohydrate is formed at —0°-7. The percentage of Na, SO, in 
the last portion was found to be 4°55, and the water-worth 
165-6. 

§ 73. Accordingly we have the sulphates of the alkalies 


arranged as follows: 
Temperature of 
solidification of 


cry ohydrate. Water-worth. 
2NH,SO, . . —17 10:2 
K,SO, ... — 12 114-2 
Na S. . — 07 165-6 


Once wore, therefore, the lower the temperature of solidifica- 
tion of the cryohydrate, the less is its water-worth. But the 
order is different with SO, from the order with a halogen. 


Nitrates of the Alkalies. 

§ 74. Nitrate of Ammonium.—The nitrate of ammonium se- 
parates as a cryohydrate from a saturated solution at —17°2 
in exceedingly beautiful fern-like crystals. Dried at 100° C. 
and heated to incipient fusion, 7°6100 grms. of the part last 
to solidify gave 3:3265 of the anhydrous salt. Of the next 
to the last, 7:2755 grms. gave 8:1475. The former therefore 
contained 43°71 per cent. of NH, NOꝭ, the latter 43°26. The 
first indicates the relation 

NH,NO,+5°72H, O. 

§ 75. Nitrate of Sodium.—The temperature at which this 
cryohydrate is formed was found by experiment to be —17%5 ; 
but, for reasons partly considered in § 69, I believe this tem- 
perature to be too low, and that, when supersaturation does not 
intervene, the temperature is —16°°5. Here, however, I assign 
to it the temperature got by direct observation. Of the last 
portion to solidify, 5:4210 grms. gave 2°2140 of NaNOs, or 
40°8 per cent., which indicates the composition 


NaNO, + 8 131F, 0. 
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Of the previous crop of crystals, 6.9820 grms. gave 2:8850 of 
NaNO, 

§ 76. Nitrate of Potassium.—This was examined in § 24. 
The cryohydrate solidifies at —2°-6, and contains 11:2 per cent. 
of nitre. The water-worth is expressed by the relation 


KNO,+ 44°6H, O. 


8 77. The nitrates of the alakalies therefore arrange them- 
selves as follows: 


Temperature of 

solidification of 

eryohydrate. Water-worth. 
NH, NO, e ° a 17°2 5°72 
NaNO, © . . —]75 (16:5) 8:13 
KNO, ° * e =" 2°6 446 


I believe that here again the water-worth really falls with 
the temperature of solidification. But the order of the salts 
in regard to their water-worths is again different from the order 
observed with the sulphate, as well as from that of the chlorides 
of the same metals. 


Chlorides of the Alkaline Earths. 


§ 78. Chloride of Barium.—The chloride of barium in satu- 
rated solution becomes a solid cryohydrate at —8° C. Of 
the portion last to solidify, 6:6790 grms. gave, on evaporation 
and heating to 350° C., 1-5490 Ba Cl. This corresponds 
to 23°2 per cent. Of a previous crop of crystals, 6°1350 
grms. gave 1:4735 Ba Cl,, or 24:0 per cent. The first of these 
shows the formula 

Ba Cl, + 87°8H, O. 

§ 79. Chloride of Stronttum.—This salt forms a cryohydrate 
at — 17°. Of the final portion, 5:8325 grms. contained 1:6085 
of SrCl,, or 27:57 per cent. The crop before this showed 
1:3655 grm. of salt in 49675 solution, or 27°5 of Sr Cl. We 
may therefore deduce the formula 


Sr C],+22°9H, O. 


Nitrates of the Alkaline Earths. 


§ 80. Nitrate of Barium.—The cryohydrate of this salt soli- 
difies from a saturated solution at — O08. I have only one deter- 
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mination of its composition ; namely, 3:0370 grnis. gave 0°1610 
of anhydrous salt, which corresponds to 5°30 per cent., and the 
molecular ratio 


Ba 2 NO, ＋ 259 ·0 H. O. 


§ 81. Nitrate of Strontium. — On cooling a saturated solution 
to — 69 the cryohydrate solidifies. Of the last portion, 68010 
grms. gave 1:7675, or 25:99 per cent. of Sr2 NO,. Of the pre- 
vious crop of the cryohydrate, 4°6715 grms. contained 1:2105 
of the anhydrous salt, or 25°91 percent. These determinations 
concur towards the relationship 


Sr 2NO,—33°5 H, O. 


Miscellaneous Cryohydrates. > 


§ 82. Sulphate of Iron.—Green vitriol separates from a satu- 
rated solution at — 22. The next to the last portion of the cryo- 
hydrate showed the following composition: —4 7000 grms. gave 
0:8155 FeSO,, or 17°35 per cent. Of the last portion, 4°8140 
grms. gave 0:8155, corresponding to 16°94 per cent., and show- 
ing the ratio 


Fe SO, + 41-41 H,O. 


Although the solution of this salt was quite clear when her- 
metically sealed for analysis in a tube containing not more than 
5 cubic centim. of air, a considerable deposit of sesquioxide took 
place. The analysis, therefore, is probably not quite exact. 

§ 83. Chromate of Potassium.—The cryohydrate solidifies at 
—11°. Of the last crop of crystals, 3:0690 grms. gave 1:1145 
anhydrous salt, or 36°27 per cent. Of a previous crop, 5:4775 
grms. gave 1:9945, or 36:41 per cent. The first indicates the 


formula 
K, CrO,+18°8H, O. 


From & 28 the bichromate has a cryohydrate solid at — 1° and 
containing 292 molecules of water. Accordingly 
Temperature of 
solidification. 
Chromate, K,CrQ, . — 11 18°8 
Bichromate, K Cr. O, — 1 292:0 


Water-worth. 


§ 84. Ammonium Alum.—This body was examined on account 
of the large percentage of water which is held by the ordinary 
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hydrated salt. The eryohydrate solidifies at —0°-2. The part 
last to solidify was examined; of this, 43845 grms. contained 
0:2060 grm. of anhydrous alum. This shows 4°7 per cent. Of 
the immediately preceding crop of crystals, 5:2100 grins. gave 
0:2220 of anhydrous alum, or 4°2 per cent. The first of these 
determinations indicates the relationship 


Al, NH. 280. 2614 Hf O. 


§ 85. Perchloride of Mercury.—A saturated solution of cor- 
tosive sublimate solidifies at —0°-2. The ultimate and penulti- 
mate portions were examined. Of the former, 6.0640 grms. 
gave 0°197, or 3:24 per cent.; of the latter, 4977 grms. gave 
0-164, or 3°29 per cent. The first indicates the formula 


HgCh + 450 H, O. 


§ 86. Oxalate of Ammontum.—This solidifies as a eryohydrate 
at — O2. Of the last portion to solidify, 4'340 grms. contained 
0:125, or 2°8 per cent. of the anhydrous salt. This agrees with 
the relation l 

NH, CO, +239:1H,0. 

§ 87. Carbonate of Sodium.—After igniting the carbonate so 
as to decompose any bicarbonate, the saturated salt solidifies as 
a cryohydrate at —2°. Of the final portion, 6°4090 grms. con- 
tained 0°383 of Na CO. This shows 5°97 per cent., or the 
relation 

Na, CO3 +92:75 IT, O. 


§ 88. The following Table shows at a glance the relation be- 
tween the lowest attainable temperature when the salt is mixed 
with ice, the temperature of the solidification of the cryohydrate, 
the water-worth or aquavalent. Column 1 shows the salt em- 
ployed, and the degree of hydration when associated with water 
of crystallization. Column 2 shows the temperature obtained 
` when the salt is mixed with ice. Column 3 shows the tempe- 
perature at which the cryohydrate separates. In column 4 are 
shown the number of molecules of water associated with one 
molecule of the salt in the cryohydrate. It is here called 
“ water-worth.” In column 5 are the percentages of the anhy- 
drous salt which the final portions of the cryohydrates contained, 
according to the analyses given above. The letters M.L show 
that the liquids here analyzed stood before solidification in the 
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relationship of mother-liquors to the preceding crops of eryohy- 
drate. In column 6 are analyses of the crop of cryohydrate 
immediately preceding the last cryohydrate. The salts are 
arranged according to the degree of cold attainable when the 
salt is used as a cryogen, i. e. in a freezing- mixture. 


TaBIE X.—Showing (1) the chemical formula of the salt, (2) the 
lowest temperature to be got by mixing the salt with ice, 
(8) temperature of solidification of the cryohydrate, (4) mo- 
lecular ratio between anhydrous salt and water of its cryoby- 
drate (water-worth or aquavalent), (5) percentage of anhy- 
drous salt in portion of cryvhydrate last to solidify, (6) per- 
centage of anhydrous salt in cropof cryohydrate before the last. 


(4) (5) (6) 
Percentage | Percentage 


of anhy- | of anhy- 
drous salt 


(1) 


Molecular 


Formula of salt. 


„%% „%%% %%% „ „6 „6„% 
6ũ%% % %%% „„ „4„6% 
22 % %%%%%%„„%„„„ „„ „6 „ „ 0 
595569 %%% „„ „„ 
%%% „%% „„ „6% „„ „„ „ „„ 
e@ectens o 


26 66 „„ + hee 


Sr N eisirean 
MgSO,+7H,0......... 
ZnSO,+7H,0......... 
KNO, seee. DNS 


. 
AL, NH, 280. Li2 li, 0 
H 
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§ 89. Remarks on Table—The above Table contains the whole 

of the salts which I have as yet examined fully. The interesting 
group of the chlorides of the alkaline earths, including magne- 
sium and the no less interesting group of the perehlorides of 
aluminium and iron, have presented difficulties with which I am 
still contending. The same is the case with the nitrate of cal- 
cium and the chloride of copper, Cu Cl,. 
From the evidence before us I think, however, that I may 
venture to enunciate the general law, that if we define as similar 
salts either (1) those which consist of the same acid united with 
bases belonging to the same chemical group (ex. Na S04, K, S0), 
or (2) those which consist of the same base united with acids 
belonging to the same group (ex. KNO,, KCIO,), or (3) those 
whose bases belong to the same group, and whose acids be- 
long to the same group—then, of similar salts, the one which 
produces the greatest cold when used in a freering-miæture unites 
as a cryohydrate with the fewest molecules of water. And to the 
following law there seems to be only one pronounced exception : 
The temperature at which the cryohydrate ts formed is the same 
as the temperature of the corresponding freezing-mixture. This 
latter law, however, has to be taken with reserve as far as those 
salts are concerned which, like AlCl, and Mg Cl, decompose 
water, and also in regard to those bodies which, like CaCl, 
unite with water under the liberation of much heat. These I 
shall consider in my next communication to the Society. 


Cryohydrate of Ethylic Alcohol. 


§ 90. Of very great interest is the behaviour which is shown 
by mixtures of ethylic alcohol and water when deprived of 
heat. This interest extends itself in a practical direction, in 
consequence of the use of alcoholic liquids in regions of ex- 
treme cold. We have here at once a new element for consi- 
deration. The two liquids are miscible in all proportions. This 
means that any possible hydrate of alcohol is soluble at or- 
dinary temperatures both in water and in alcohol. I shall 
use tbe word alcohol to denote absolute alcohol, C,H,O, and 
the word “ spirit“ for a mixture of this with water. 

§ 91. The fact so long known, that. heat is liberated and 
volume finally lost when ethylic alcohol is mixcd with water, has 
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silently pointed to the conclusion that there must be at least one 
definite hydrate of alcohol. It is sufficiently clear that if one were 
forced to the alternative of relying either upon the amount of 
heat liberated or upon the loss of volume, the former rather than 
the latter would be the most trustworthy. 

§ 92. Historical.—A useful historical summary of much of 
what has been previously done in France in this direction of 
research is prefixed to a recent paper on the subject by M. Melsens, 
in the Annales de Chimie et de Physique, entitled“ Sur la refroi- 
dissement et la congélation des liquides alcoholiques et des vins.” 
Accordiug to M. Boussingault, frozen wines after thawing fur- 
nish an alcoholic liquid and are not therefore pure ice. Accord- 
ing to M. Melsens, alcoholic liquids containing about 50 per 
cent. of alcohol by weight or by volume become at - 30°C. viscid, 
syrupy, and sometimes opalescent. These represent commercial 
spirits such as rum, cognac, &c., and may be represented by the 
formula C H,0+3H, O, corresponding to the maximum con- 
densation. According, again, to M. Melsens, when wine which 
bas become semisolid through being exposed to cold of a free- 
zing-mixture is drained through wire gauze or introduced into a 
turbine, nearly colourless ice free from alcohol is left. Froin 
frozen wine containing from 10 to 12 per cent. of alcohol, from 
16 to 25 per cent. of pure ice was got by means of a screw press. 
By the same means a frozen red or white Burgundy yielded 40 
per cent. of ice. 

§ 93. In the first of a series of able researches on the physical 
properties of mixtures of water with the alcohols, Messrs. Dupré 
and Page (Proc. Roy. Soc. March 11, 1869) examined, amongst 
others, the quantity of heat developed on mixing alcohol and 
water in various proportions, the specific heat of such mixtures, 
their capillarity, boiling-point, and their compressibility. 

The following fragments of these experimenters’ Tables include 
the critical values. 
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TABLE showing number of heat-units evolved from 5 grammes of 
mixtures resulting from mixing the percentages by weight of 
alcohol in column 1 with the complementary percentage of 
water. The asterisk shows the critical region. 


Heat-units from 5 grms. 
of mixture. 


10 . . . 26°68 
20 . 48°95 
30 4798 
40 44486 
45 881 


In the next Table Messrs. Dupré and Page's numbers are 
given, showing the specific heats of such mixtures. The column 
1 shows the percentage of alcohol, column 2 the specific heat, 
column A the difference between the observed and calculated 
specific heats. 


per cent. alcohol. 


. Excess over 
fem d ee 
10 10358 + 7°53 
20. . 10436 12:27 
30 . . 10260 14°4.7* 
40. 96°80 12°63 
45 94°19 12:00 
BO. see i See. ca 90°63 10°42 


Messrs. Dupré and Page epitomize one branch of their research 
as follows :—‘‘ The whole of the physical characters of mixtures 
of alcohol and water come to a maximum deviation from their 
theoretical values somewhere between 30 and 45 per cent. of 
alcohol by weight. The 30 per cent. nearly corresponds to the 
formula C} HgQ+6H,O (29°87 per cent.); the 45 per cent. 
has approximately the formula C H,O0+3H,O (46 per cent.). 
The mean of these values is 


Ca He O ＋4˙5 H, O. 


§ 94. According to Rudberg (Pogg. Ann. vol. xiii. p. 496), 
the contraction is greatest when 55 volumes of alcohol are mixed 
with 45 volumes of water, or 43°6 weights of alcohol with 45 
weights of water. This corresponds to the formula 


C,H,042°6H,0. 
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§ 95. According to Bussy, alcohol not stronger than 83 
Beaumé may be frozen by the evaporation of S0. This strength 
is that of 78-29 per cent. of alcohol by weight, or 


C H, O+ 1-406H, O. 


According to Marchand (Journ. fiir Chemie, vol. xxv. p. 253), 
when 1 part by weight of spirit is mixed with 1 part of snow, 
the depression of temperature depends upon the strength of the 
spirit, according to the following Table :— 


per cent. by weight. 8 
90 e ° 0 0 e —22 
70 we. —2l 
60 7219 


50 „ 175 
40 216 
30 213 
2 8 


This is, 1 believe, the condition of the question as left by 
others. i 
§ 96. My own experiments.—The alcohol I used was shaken 
witb dry carbonate of potassium and distilled from quicklime. 
With this I made decimal mixtures ranging from 95 alcohol and 
5 of water to 95 water and 5 of alcohol. These were submitted 
in turn to the action of a cryogen, in order first of all to see at 
what temperature the solidification of each mixture begins. For 
if, as has been supposed, and quite recently by Melsens again 
proved, a very weak (10 per cent.) spirit gives up only ice, 
and since alcohol is notoriously not to be solidified by our most 
powerful cryogens, it must follow that during the continuous soli- 
dification of a weak spirit the temperature must fall continually. 
Temperatures down to —19° were observed on the mercurial 
thermometer. For lower temperatures, demanding the employ- 
ment of solid carbonic acid and ether, use was made of an alcohol 
thermometer, which was collated with the mercurial one at —22°. 
The Table gives the temperature at which the solution began to 
yield solid matter. What this solid matter consists of I have 
afterwards to consider. Columns A, and A, are the values of 
the first and second differences respectively. 
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Taste XI.—Temperatures at which Solidification begins in 
Spirits of various strengths. 


Water per Alcohol per Temperature C. 
cent., by cent., by | at which solidi- 4). ô; 


weight. weight. | fication begins. 


0 

95 5 — 2 2˙3 +06 
90 10 — 43 2-9 +06 
85 15 — 72 3˙5 +05 
80 20 —10-7 4-0 40-7 

75 25 -147 4:7 —08 
70 30 —19-4 3-9 —02 

65 35 —23 3 3-7 40:3 
60 40 —27 4-0 42-0 
55 45 —31 60 —1·0 
50 50 —37 50 20 
45 55 —42 3-0 +50 | 
40 60 —45 8-0 ? 

35 65 —53 ? | 
30 70 — 65 (not). | 


From this Table it is seen that the temperature of initial soli- 
dification sinks so regularly that the column of second differ- 
ences shows for a long time the value 0'6. Only at lower tem- 
peratures, which of course cannot pretend to the same degree of 
accuracy, are serious variations visible. There is a rapid fall at 
the ratio 35 water to 65 alcohol; and at the ratio 30 water to 70 
alcohol, I failed to effect solidification at — 65° C. 

§ 97. So free from discontinuity are these numbers, that one 
might be readily misled into the belief that the solid matter 
separated is in all cases ice. This, however, is not the case. Down 
to the ratio 65 water and 35 alcohol, the ice spicula freely mo- 
ving in the mother-liquid are easily recognized. If they are 
remelted they invariably reform at the same temperature. At 
ratios of 60 water to £0 alcohol and stronger, the aspect of the 
solid formed is quite different. The liquid may then acquire 
the consistency of Canada balsam, and yet, if kept still, it may 
remain perfectly transparent. On rubbing with the thermometer- 
bulb or with a glass rod minute crystals are formed, the liquid 
becomes more mobile, resembling old honey. It offers a notable 
case of a condition of supersaturation producing a temporary 
colloid condition. 

§ 98. Finding that this phenomenon was first noticeable at 
about the solution of the ratio 60 water to 40 alcohol, and reflect- 
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ing that this is nearly the ratio of one molecule of alcohol to four 
of water, I made a spirit of exactly this molecular ratio, namely 
89°07 alcohol and 60:93 of water by weight. On submitting this 
to the action of a cryogen, I found the remarkable result that 
nothing separated till the temperature — 34° was reached, although 
both weaker and stronger solutions begin to solidify at higher 
temperatures. The solid formed in this case is perfectly white 
and opaque, and the temperature remains constant till the whole 
has become perfectly dry. This pearly aspect and the constancy 
of temperature throughout the solidification betray the cryohy- 
drate. Both weaker and stronger spirits sink in temperature as 
they solidify—the former until by the elimination of ice it pre- 
sents a mother-liquor of the 4-hydrate composition, the latter by 
the elimination of liquid alcohol as the solid 4-hydrate is formed. 
§ 99. When, therefore, a dilute alcohol (say 95 water to 5 
alcohol) is cooled, ice separates out, the spirit becomes stronger 
and stronger, and the temperature lower and lower. When the 
ratio C H,O+4H,0O is reached the temperature —34° C. is 
reached, and the remainder of the solution is a cryohydrate of 
alcohol whose melting- and freezing-point is —34°, and whose 
composition is C H,O0+4H,0. : 
On the other hand, if a spiritalittlestrongerthanC, HO +4H,O 
is subjected to cold, nothing separates till about - 27 C. At 
this temperature the cryohydrate C, H; O4 H O begins to 
separate out, and as it relinquishes the alcohol the solidifying- 
point of the mother-liquor falls. Observe, the cryohydrate sepa- 
rates from alcohol at a temperature above its own melting-point 
when alone. It follows from this that solidification may com- 
mence at the same temperature in two spirits of different strengths, 
provided they are both close about the 4-molecule hydrate in 
composition. But while in the weaker the solid will be ice, in 
the stronger it will be the cryohydrate. The apparent anomaly 
arises from the circumstance that the cryohydrate is soluble both 
in water and alcohol, and that ice is soluble in the liquid cryo- 
hydrate. Weare here reminded of the phenomenon of the maxi- 
mum density of water, which I have already endeavoured to 
connect with the formation of a cryohydrate of water (in & 36). 
§ 100. For some reasons this melted cryohydrate of alcohol, 
or spirit of wine containing 60°93 water and 39:07 of alcohol, 
should be the standard or proof spirit in all alcoholometry. 
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English proof spirit contains 50°5 per cent. by weight of alcohol. 
It accordingly should begin to solidify at — 38° (about the free- 
zing-point of mercury). At lower temperatures it becomes a 
pasty mass, but never perfectly brittle, on account of the un- 
freezable alcohol in excess above that of the cryohydrate. Spirits 
of 39 per cent. and under become perfectly solid before the 
temperature reaches - 36. The very fact that weaker spirits 
wholly solidify while stronger never do so is, I conceive, a com- 
plete proof of the existence of a cryohydrate. For if under all 
circumstances water alone solidified, alcohol would be left even 
from the weakest spirits, and total solidity could never be reached. 

§ 101. The above considerations, of course, only apply to the 
chemically pure substances alcohol and water; how far the sugar, 
caramel, fusel, essences &c. of commercial spirits, and the innu- 
merable substances in wines and beers may affect the solidifica- 
tion is a matter for future research. It is quite possible, for 
instance, that in some rums the 10 per cent. alcohol above that 
required for the cryohydrate might find sufficient foreign matter 
present to form therewith a solid, and so allow the whole to 
solidify. | 

§ 102. I believe that the detection of this 4-molecule hydrate 
of alcohol reconciles the apparently contradictory results of 
former experimenters. Thus, looking on wine asa 10-per-cent. 
spirit of wine, M. Melsens obtained by a freezing-mixture 40 
per cent. of ice. I judge from Table XI. that the temperature 
reached was — 8°, if we make no allowance for loss of ice during 
manipulation. 

§ 103. The evidence adduced by Messrs. Dupré, Page, and 
others points to the existence of at least one hydrate of alcohol ; 
but I am not prepared to say that such hydrate is necessarily 
identical with the 4-molecule cryohydrate which we have been 
considering. It must be remembered in this connexion that the 
eryohydrates of solid salts contain more water than any other 
known hydrate ; and the existence of the 4-molecule cryohydrate 
rather, I conceive, tends to show that the ordinary hydrate 
of alcohol contains less water, and is, as some of Dupré and 
others’ experiments may be interpreted as showing, the 3-hydrate 


C,H,04+3H, 0. 
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Cryohydrate of Ether. 


§ 104. Cryohydrate of Ether (?).—It is well known that when 
water and ethylic ether are shaken together mutual but only 
partial mixture ensues, the water taking up about one ninth of 
its volume of ether, and the ether about one thirty-sixth of its 
volume of water. Such an aqueous solution of ether when sub- 
jected to cold, solidifies at —2° C., without any separation of 
ether, into a dry solid consisting of ether and water. The com- 
pound exhibits an interesting feature, inasmuch as it exemplifies 
the effect of cooling on the luminosity of flame. The cryohy- 
drate of ether may be solidified in a long test-tube, and thence 
removed, presenting the appearance of a candle. One end of 
this is cut off flat, and the whole placed upright on a plate. A 
light being applied at the top, the whole melts away as the ether 
burns. The flame is quite non-luminous. The ether is only 
free to burn as it is in the act of melting ice, and is so cooled. 
So it is well known that marsh-gas becomes luminous if heated 
before combustion. Thus ether (which is empirically olefiant gas 
plus water) and alcohol (which is empirically ether plus water) 
have flames of luminosity the less according as their ratio of po- 
tential water is greater. The cryohydrate of ether is in fact 
physically, as far as its luminosity is concerned, an alcohol. 

Throughout this second part of this research I have been 
much indebted to my friend Mr. R. Cowper for his very zealous 
and skilful assistance. 


XIV. On Graphical Methods of solving certain simple Electrical 
Problems. By Prof. G. Carey Foster, F.R.S.* 


[With a Plate. | 


Ir is probably very seldom that the geometrical representation 
of the mathematical relations between physical quantities is as 
convenient, for purposes of investigation, as the correspon- 
ding analytical expression; but for purposes of exposition, as 
distinguished from those of investigation, geometrical construc- 
tions often possess considerable value. In particular, whenever 
they can be put into a simple form, their physical significance 
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is more easily understood, than that of an algebraical formula, 
by those who are but little accustomed to mathematical modes 
of expression ; and they generally exhibit with greater clearness 
the effect of a variation of any one of the related magnitudes. 
I have therefore thought that it might be worth while, for the 
sake of trying to draw increased attention to the utility of 
geometrical methods in elementary physical teaching, to point 
out in detail their application to a few important electrical 
problems, such as some of the simplest cases which come under 
Ohm’s law of the relations between electromotive force, strength 
of current, and resistance. 

If the equation which expresses Ohm’s law be written in the 
three following ways— 


E E 
G =, R= C, CR E, 


where E stands for electromotive force, C for strength of current, 
and R for resistance, we have at once suggested three different 
modes of geometrical construction by means of rectangular co- 
ordinates, the coordinates representing in the three cases respec- 
tively (1) electromotive force and strength of current, (2) elec- 
tromotive force and resistance, and (3) strength of current and 
resistance. 


I. Ordinates represent Electromotive Forces, and Abscisse 
represent Strengths of Current. 


This system, according to which resistance comes to be repre- 
sented by the slope of a straight line (that is, by the tangent of 
the angle which the line makes with the axis of abseissæ), was 
lately employed by M. Crova* for the discussion of experiments 
relating to the degree of constancy possessed by so-called “ con- 
stant“ galvanic batteries; and its application to several other 
problems, including some of those treated by other methods 
in this paper, has been still more recentlyt pointed out by the 
same author. It is therefore not needful to discuss it further 
in this place. 


Comptes Rendus, 6th April 1874, vol. Ixxviii. p. 965. 
t Journal de Physique (Sept. 1874), vol. iii. p. 278. 
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II. Ordinates represent Electromotive Forces, and Abscisse 
represent Resistances. 


This system was used long ago by Ohm*, and has been fre- 
quently employed since his time, though perhaps chiefly by 
practical electricianst. The following examples may serve to 
illustrate its application to questions connected with galvanic 
circuits in which there is a constant electromotive force. 

Let O A (Plate III. fig. 1) represent the electromotive force 
of a battery, O B the resistance of the battery, and BC the 
resistance of the remainder of the circuit, this being made up 
of simple metallic conductors in which no additional electro- 
motive force acts, then the slope of the straight line A C, or the 
tangent of the angle A C O, represents the strength of the cur- 
rent. It is obvious, by a glance at the figure, that the strongest 
current that the given battery could produce would be obtained 
by making the external resistance BC equal to nothing, and 
that it would be represented by the slope of the line A B, or by 
tan (ABO. Also it is evident that, if the external resistance 
is increased by equal amounts C Ci, C. C . .. each equal to 
B C, the strength of the current, as denoted by the slope of the 
line drawn from A to the points C, Ci, C.. .., diminishes 
by smaller and smaller amounts for each equal inerement of 
resistance, and that it would not vanish for any finite value of 
the resistance. 

If any electromotive force acts in the part of the circuit ex- 
ternal to the battery, its effect on the strength of the current 
can be represented by drawing through C a line C C parallel to 
O A, and of length proportional to the external electromotive 
force, upwards if this electromotive force is inverse, downwards 
if it is direct,—and drawing the straight line AC! (fig. 2). If 
c be the point where this line cuts OC, tan Z AcO measures 
the strength of the current. Of course the effect of any electro- 
motive force outside the battery could also be represented by a 
diagram such as fig. I, if the line O A were there taken to repre- 


Die galvanische Kette mathematisch bearbeitet, 1827. 

+ See, for example, R. S. Culley, ‘ Handbook of Practical Telegraphy,’ 
1874, pp. 352-355; Latimer Clark, ‘ Elementary Treatise on Electrical 
Measurements, 1868; G. K. Winter, On Earth-Currents,“ Journal of 
the Society of Telegraph- Engineers, vol. ii. pp. 89-101; &c. 
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sent, not the electromotive force of the battery, but the total 
resultant electromotive force of the whole circuit. 

If a line be drawn from B (fig. 1) parallel to O A, the length 
B D, B D., BD, . .. intercepted by the straight line through 
A, whose slope gives the strength of the current, represents the 
difference of potential between the terminals of the battery, or, 
in other words, the electromotive force which is effective in 
maintaining a current in the external conductor. The figure 
shows that this varies between a maximum (=0 A, the total 
electromotive force of the battery) when the external resistance 
is infinite (contact broken) and a minimum (SO) when the ex- 
ternal resistance is nothing. If two values, BD and B Da of 
the externally effective electromotive force are known, which 
correspond respectively to two known values BC and B Ci of 
the external resistance, it is evident that the electromotive force 
and internal resistance of the battery will be given by drawing 
the straight lines C D and C. D,, producing them till they meet 
in A, and letting fall from A a perpendicular A O on C B pro- 
duced: AO and OB then represent respectively the values 
required. Experimentally, the values to be given to B D and 
B D, could be found by direct measurement with an electro- 
meter; or they could be got from the relation e ce, where e 
is the externally effective electromotive force and e the current 
as measured by a galvanometer in a circuit of external resistance 
=r. 

From the above relations it is easy to deduce a construction, 
which may sometimes be of practical use, for finding the perma- 
nent resistance and electromotive force of a constant battery 
from two deflections of a galvanometer without using trigonometri- 
cal tables. This construction requires to be slightly modified 
according to whether the instrument used is a tangent-gal- 
vanometer or a sine-galvanometer. It is as follows :— 

1. For a tangent-galvanometer.—The battery is connected in 
simple circuit with a tangent-galvanometer, and the deflection æ 
of the galvanometer is observed; then a known resistance y’ is 
added to the circuit and the deflection is observed again. Let 
the second deflection be denoted by al. The following con- 
struction then gives the electromotive force of the battery (=e) 
and the permanent resistance of the circuit (=r). 

From any point A in the straight line O A (fig. 3) draw AP, 
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making the angle O A P=a; produce OA to A’, making A A! 
proportional to the added resistance Y, and from A! draw A! P., 
making the angle OA P/ = and on the same side of O A as 
AP. Since a! is less than a, the straight lines A P and A! P. 
will intersect. From the point of intersection Q draw QO 
perpendicular to OA. Then OA represents the permanent 
resistance of the circuit, and QO represents the electromotive 
force, in terms of that electromotive force taken as unity which, 
if it acted in a circuit of unit resistance, would generate a 
current capable of causing a deflection of 45° on the particular 
galvanometer employed. 

2. For a sine-galvanometer.—Let H be the deflection observed 
when there is no extra resistance, and & the deflection when an 
additional resistance 7’ has been inserted in the circuit. Make 
BB! (fig. 4) proportional to 7’, make the angles OB P and 
O B/ P, on the same side of B B', equal respectively to 8 and G., 
and let BP and B/ intersect at the point Q. Draw QO to 
bisect the external angle BI“, and cutting B' B produced in 
O; then O B represents the permanent resistance of the circuit, 
while the radius of a circle drawn with the point O as centre so 
as to touch the straight lines BP and B/ P' measures the elec- 
tromotive force, the unit of measurement for the latter being 
the electromotive force which, in a circuit of unit resistance, 
would give a current strong enough to deflect the galvanometer 
used through 90°*, 

If the constructions indicated above are carried out for several 
different values of the external resistance, it is clear that, with a 
strictly constant battery, lines drawn according to the same rule 
as A P and A’ P’, in the case of a tangent-galvanometer, will all 
pass through the same point, and that, in the case of a sine- 
galvanometer, all lines drawn in the same way as B P and B! P’ 
will be tangents to the same circle. 

These constructions are so simple and can be so quickly 

* It may be worth while to point out that any galvanometer may be 
used as a sine-galvanometer, even though it is not provided with a gradu- 
ation to shuw the angle through which it has been turned. It is only 
needful, after setting the instrument so that the zero of the scale is exactly 
below the needle while the current is passing, to interrupt the current ; 
the needle then swings away from the zero-mark, returning to the magnetic 


meridian; and the angle now indicated by it is the angle through which 
the galvanometer has been turned from the meridian. 
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made with sufficient accuracy, that by means of them the effect 
of altering the resistance of a circuit or the number or arrange- 
ment of the cells of a battery can be exhibited to a class by the 
help of actual measurements made during a lecture; but in 
order to make the process still more rapid, I have had an appara- 
tus made, which may be called“ A Galvanometric Slide-Rule,“ 
whereby, when two deflections of a galvanometer have been ob- 
served corresponding to a known difference of resistance, the 
permanent resistance and electromotive force of a battery can be 
ascertained in the course of a few seconds. The general arrange- 
ment of this apparatus is shown in fig. 5, which is drawn to a 
scale of about y. M N is a wooden base about 155 centims. 
long by 15:2 centims. wide, and 4°7 thick, with a groove in the 
upper surface, of the shape shown in fig. 5a, running from end 
to end. On the vertical side shown in the figure there is a scale 
150 centims. long, divided into millimetres and numbered to- 
wards right and left from zero at a point A 50 centims. from M 
and 100 centims. from N. Exactly above the zero mark of the 
scale is a small brass stud, the axis of which passes through the 
centre of a small graduated quadrant of 12 centims. radius. 
Another, similar quadrant, A’, with a brass stud at the centre is 
attached to a small board which slides on the upper side of 
MN and can be clamped by a screw in any position between A 
and N. There is also a vertical scale 65 centims. long, 
divided into millimetres and numbered from the bottom upwards, 
which is fastened toa sliding piece C, whereby it can be clamped 
in any position between M and A. The faces of the vertical 
scale and of the quadrants A and A! are flush with the face of 
the horizontal scale MN. Two thin silk cords, stretched by 
small weights, are passed over pulleys at P and P, and attached 
one to each of the pins at the centres of the quadrants A and A,. 
The pulleys are so placed that the cords are very nearly in the 
same vertical plane as the scales MN and CQ. The apparatus 
is used as follows :—The pulley P is raised or lowered until the 
cord fixed at A shows, upon the corresponding quadrant, the 
deflection obtained on the tangent-galvanometer when no extra 
resistance is added to the circuit ; the sliding piece carrying the 
quadrant A’ is then moved towards right or left so that the 
number of centimetres in the distance A A! may be the same as 
the number of units of resistance (or, if more convenient, so 
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that it may be a simple multiple or submultiple of this number) 
added to the circuit in order to get a second reading of the 
galvanometer ; then the pulley P' is adjusted so that the cord 
passing over it may indicate upon the quadrant B the galvano- 
meter-deflection obtained after introducing the resistance cor- 
responding to A A’; and lastly the vertical scale is moved so 
that a vertical line drawn through the centre of the division- 
marks and continued downwards to meet the horizontal scale at 
O may be exactly behind the point Q, where the cords A P and 
A/ P' cross each other. We have then only to read off the hori- 
zontal and vertical distances, A O and O Q, to get the perma- 
nent resistance and electromotive force of the circuit*, To adapt 
the apparatus to use with a sine-galvanometer, it would be only 
necessary to replace the vertical scale OQ by a quadrant 
marked with concentric circular arcs, each differing from the next 
by 1 millim. in radius. 

The following additional examples may be given of the same 
mode of treatment in connexion with allied problems :— 

Development of Heat in a Galvanic Circuit. Draw OC 
(fig. 6) horizontally to represent the resistance of the circuit, 
and OA vertically to represent the electromotive force; from 
A draw AC and also AD at right angles to AC; then 
OD represents the heat produced in the circuit per unit of 
time. It is of course to be understood that O A denotes not 
necessarily the electromotive force of the battery, but the resul- 
tant electromotive force of the whole circuit—that is, the algebraic 
sum of all the electromotive forces which act anywhere in it. If 
O B denote the resistance of the battery and BC the remaining 
resistance of the circuit, and if B A’ be drawn vertically, A E F 
horizontally, and A! D/ at right angles to AC, EF will denote 
the heat generated in the battery, and BD the heat generated 
in the external part of the circuit. 

Strength of Currents in the different branches of a divided Circuit. 
—In considering this problem it is needful first of all to have a 
mode of representing geometrically the combined reststance of 
two or more conductors connected in “ multiple arc.“ Let AB 
and BC in the same straight line (fig. 7) represent the resis- 

* The quadrant A is made so that it can be turned aside to allow of the 


vertical scale being brought close up to the zero-point of the horizontal 
scale when low battery-resistances have to be measured. 
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tances of two conductors taken separately. Draw A B/ equal to 
A B and at right angles to it; join B/C, and through B draw a 
line parallel to A B' and cutting B'C in L; then B L represents 
the combined resistance of the two conductors, The same 
process is applicable to any number of conductors. Thus, let 
AB, BC, and CD (fig. 8) represent the separate resistances of 
three conductors connected in multiple arc. Making the con- 
struction indicated above, B L represents the resistance equivalent 
to A Band BC in multiple arc. Draw L M' parallel to A BC D, 
make C M =B L, draw M M' at right angles to B C, join M' D, 
and draw C N perpendicular to CD. CN then represents the 
joint resistance of the three conductors. 

Now consider a conducting-system such as that indicated in 
fig. 9, where two points, P and Q, are connected through three 
conductors whose resistances are respectively r, ri, and rọ; and 
let a battery of electromotive force e make part of the first con- 
ductor. The strength of the currents and the distribution of 
potential in the various parts of the system can be represented 
as follows :—Take OA (fig. 10) to represent r, from O draw 
O B and OC in opposite directions perpendicular to O A, make 
C C' equal to OC and perpendicular to it, draw BC’ cutting 
A O produced in D; then O D represents the joint resistance of 
r, andr, Draw AE perpendicular to AO to represent the 
electromotive force e, and join ED. Then tan < ADE repre- 
sents the strength of the current in the battery and the sum of 
the currents in the two parallel branches. These may be ob- 
tained separately thus: let the point of intersection of E D and 
OB be denoted by F; then OF represents the difference of 
potential between the points P and Q or the electromotive force 
which is effective in the two conductors of resistance ri and rg. 
In OA make O F'=0 F and draw F B and F' C; we have then, 
for the strength of the currents in the conductors whose resis- 
tances are represented by OB and OC, tan O0 BF and tan 
ZO CF respectively. 

Next let two of the conductors connected together at P and 
Q contain galvanic batteries, and, as before, let the resistance of 
the branch containing one battery be r, while that of the branch 
containing the other is r,, and let the electromotive forces be e 
and e, respectively. If the batteries are so connected that both 
tend to make the potential at P differ from that at Q in the same 
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sense, we have an arrangement of which a special case is pre- 
sented by Poggendorff’s “compensation method ” for the com- 
parison of electromotive forces. To obtain a geometrical ex- 
pression for the strengths of the currents in the various parts 
of the circuit in the general case (that is, without assuming that 
there is “ compensation” in any branch), we may proceed in the 
following manner :—Take OA and OB in the same straight 
line (fig. 11) to represent the resistances r and ri of the two 
branches including the batteries, and OC at right angles to 
AB to represent the resistance r, of the third branch. In CO 
produced make O A, =O A, and OB,=OB, also draw A, A, 
equal and parallel to O A and B, B, equal and parallel to O B, 
and join A, Cand B,C. Let A C cut OA in N, and let B. C 
cut OB in M. From A draw AE at right angles to AO to 
represent the electromotive force e, and draw E M cutting OC 
in E/; similarly, from B draw B F* to represent the electro- 
motive force ei, and draw FN cutting C O (produced) in F. 
Then F E = F'O +0 E represents the electromotive force which 
is effective in the conductor of resistance r, represented by O C, 
and AE FE and F B—F’E’ represent the electromotive 
forces which are effective in the branches of resistance r and 7 
respectively. 


III. Ordinates represent Strength of Current, and Abscisse 
represent Resistances. 


With this system of coordinates, electromotive force is ex- 
pressed by the area of a rectangle. Thus, if a given battery 
produces a current whose strength is represented by the ordinate 
Mm of the point M (fig. 12), in a circuit the resistance of which 
is represented by the abscissa O m of the same point, its electro- 
motive force must be proportional to the area of the rectangle 
O M; and if the battery is “constant,” the currents, repre- 
sented by the ordinates Mi mi, Ma ma, and corresponding to the 
resistances denoted by the abscisse O mi, O me, will be such that 
the areas of the rectangles O M, O M., and O M, are all equal; 
and hence the characteristic property of the battery will be ex- 
pressed by the curve which is the locus of the points M, M,, 
&c.—that is to say, by a rectangular hyperbola whose asym- 


* BF must be drawn in the opposite direction to A E if, as supposed 
above, the batteries are so connected that the difference of potential be- 
tween the points P and Q due to each battery separately is of the same sign. 
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ptotes are the axes of no current and no resistance. When the 
hyperbola characteristic of a given battery is drawn, it is of course 
easy by measuring coordinates to find what current would flow 
through a given resistance, or conversely to find what must be 
the resistance of the circuit in order that the current may have 
a given strength; but the difficulty of tracing an hyperbola with 
accuracy greatly lessens the practical utility of this method of 
calculation. Since, however, the asymptotes are fixed, each 
hyperbola is completely defined when one point of it is given; 
and, in like manner, when the corresponding values of current 
and resistance are known in any one case for a given battery, 
each is determined for any other case when the value of the 
other is given. Accordingly the actual drawing of an hyperbola 
is not necessary ; for when one point is assigned, any other points 
corresponding to given problems can be easily found. 

For instance, let the coordinates of the point M (fig. 13), re- 
ferred to the axes OX and O Y, represent respectively the 
resistance of a conductor and the strength of the current pro- 
duced in it by a given electromotive force, and let it be required 
to find the strength of the currents which the same electromotive 
force would generate in conductors whose resistances are respec- 
tively represented by the abscissæ O m, and Om,. Through M 
draw a line M PQ parallel to O X, and through m, and m, draw 
m, P and m, Q parallel to O Y ; join O P and O Q, and let p and 
q be the points in which O P and O Q respectively cut M m; 
then mp and mq will represent the strengths of the required 
currents ; and if lines be drawn parallel to O X through p so as 


to intersect m, P in M, and through q so as to intersect ma Q in 
M, M, and M, will be points whose coordinates, like those of 


M, represent corresponding values of resistance and strength of 
current. The points M, Mi, and M, therefore, lie upon the 
same rectangular hyperbola. 

In a similar way we may treat many problems of the same 
sort as those discussed above by aid of what for distinction 
may be called Ohm’s construction; but as the constructions, 
arising from the choice of resistance and strength of current as 
coordinates are usually rather more complex than those previ- 
ously given, and as J have not come across any cases in which 
they appear to be decidedly more expressive, I will only give two 
additional examples. 
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To find the permanent resistance and the electromotive force of a 
battery from observations of the strengths of two currents corre- 
sponding to resistances which differ by a known amount.—Let 
mM (fig. 14) represent the strength of the current when the 
resistance of the circuit has an unknown value represented by 
the (unknown) abscissa Om; and let n N express the strength 
of the current when the resistance has been increased by a 
known amount denoted by mn. Through M and N draw 
straight lines parallel to mn, and let N, and M, be the points 
where these lines respectively intersect n N (produced) and 
mM. Draw the straight line N, Mi and produce it to intersect 
nm produced in O; then O m represents the original resistance 
of the circuit, and the rectangle on the base O m with altitude 
m M, or the rectangle on the base On with altitude n N, repre- 
sents the electromotive force. 

The heat produced in unit of time by a constant current of given 
strength traversing a conductor of given resistance can be repre- 
sented by the volume of a right square prism, two of whose 
dimensions represent the strength of the current, while the third 
represents the resistance ; and in the case of a battery of con- 
stant electromotive force, the relation between the resistance of 
the circuit and the heat produced in unit of time can be expressed 
generally as follows:—Take three rectangular axes, O X, OY, 
and OZ (fig. 15); in O X take O K to represent the resistance, 
and in O Y take OM so that the area of the rectangle K M 
represents the electromotive force, and therefore O M the 
strength of the current. Similarly, take ON in O Z also to 
represent the strength of the current. Then the heat generated 
in unit of time is proportional to the contents of the rectangular 
parallelopiped O P, constructed upon the lines O K, OM, and 
ON. The locus of P is the intersection of two equal and similar 
hyperbolic cylinders, whose equations are respectively z y = con- 
stant=electromotive force, and 2z=constant =electromotive 
force, and is itself a rectangular hyperbola in the plane of O X and 
O Q, and having these lines for asymptotes. If O K represent 
the internal resistance of a battery, and K K the external resis- 
tance, the heat generated inside the battery is represented by 
the parallelopiped O P’, and that generated in the external con- 
ductor by the parallelopiped K P. 
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XV. On the Flow of Electricity in a uniform plane conducting 

Surface—Part I. By G. CAREY Foster, F. R. S., and OLIVER 

J. Lopes. 

[With Two Plates. | 

1. Tux objects of the following paper are:—first, to show that 
the most important laws relating to the flow of electricity 
in a plane conducting sheet of uniform conductivity can be 
established by mathematical considerations of such a simple 
kind that there is no reason why they should not be introduced 
into ordinary teaching, as well as into the more complete ele- 
mentary text-books of electricity; and in the second place, to 
describe methods that may conveniently be employed for testing 
experimentally the theoretical conclusions, and to record some 
results obtained by these methods. 

The general subject treated of in this paper has attracted the 
attention of a considerable number of mathematicians and phy- 
sicists. The earliest published investigation relating to it is 
contained in a remarkable memoir by Kirchhoff, which appeared 
in Poggendorff’s Annalen in 1845 (vol. lxiv. p. 497). In this 
paper Kirchhoff established the general mathematical theory of 
the flow of electricity in an unlimited uniformly conducting- 
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sheet, and in a limited sheet with a circular boundary, with so 
much completeness as to leave little for others to do beyond 
working out the application to special cases of the general prin- 
ciples he laid down, or finding other methods of establishing the 
conclusions he deduced from them. 

We cannot better indicate the general plan of Kirchhoff’s iu- 
vestigation than by quoting the following account of it from a 
paper by Professor W. Robertson Smith*, to which we shall 
have to make further reference immediately :—“ By an applica- 
tion of Ohm’s law, he [Kirchhoff] expressed analytically the 
condition to be satisfied by v [the potential]. When the elec- 
tricity enters and issues by a number of individual points, he 
found (apparently by trial) that an integral of the form & (a log r), 
where r,, r,, &c. are the distances of the point (v, y) from the 
successive points of entrance and issue, satisfied the conditions 
when the plate is infinite. Fora finite plate, it is necessary that 
the boundary of the plate should be orthogonal to the curves 

TL. log r) = const. . (8) 
He was thus led to form the orthogonal curves whose equation 
he gives in the forin 
Tl(a lr, RI) = const, . (4) 

where [r, R] is the angle between r and a fixed line R. These 
equations he applies to the case of a circular plate, completely 
determining the curves when there is one exit and one entrance 
point in the circumference, and showing that in any case a proper 
number of subsidiary points would make the equipotential lines 
determined by (3) cut the circumference at right angles. Kirch- 
hoff’s paper is throughout properly busied with the function v, 
and the stream-lines are only dealt with incidentally. There is no 
attempt to give a physical meaning to the equation (4).” To 
this we have only to add that Kirchhoff proved the aecuracy of 
his theoretical deductions by determining experimentally the 
form and distribution of the equipotential lines on a circular 
disk with two electrodes on the edge, as well as (Pogg. Ann. 
vol. lxvii. p. 344, 1846) the strength of the current at various 
parts of the disk; and that, from the expression for the differ- 
ence of potential between the electrodes, he deduced by Ohm’s 
law the resistance of a circular disk with two small electrodes 


* Proc. Edinb. Roy. Soe. 1869-70, pp. 79-99. 
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anywhere upon it. In order to test experimentally the value 
thus obtained, he seems to have devised independently the 
arrangement now commonly known as Wheatstone’s bridge ; but, 
owing to the smallness of the resistance to be measured, he was 
unable to obtain satisfactory results. 

Soon after the publication of Kirchhoff’s paper, Smaasen* 
gave an investigation of the flow of electricity in a plane conduct- 
ing sheet, in which he takes account, in determining the poten- 
tial, of the electricity given off to the air, and deduces the resist- 
ance of an infinite sheet with two small circular electrodes by 
a process which, though longer than that employed by Kirch- 
hoff, may be regarded as more direct. It consists in finding the 
resistance of the space between two lines of flow at an infinitely 
small distance apart, and then extending by integration the ex- 
pression thus obtained so as to make it apply to the unlimited 
sheet. In a subsequent papert Smaasen determined by an 
analogous process the resistance of a conducting sphere, or of an 
unlimited conductor of three dimensions 7. Smaasen’s treat- 
ment of the subject is, like Kirchhoff’s, based chiefly upon the 
mode of distribution of the potential; the only investigation we 
are acquainted with which deals specially with lines of flow is con- 
tained in the paper by Professor W. Robertson Smith from which 
we have already quoted. The starting-point adopted by Pro- 
fessor Smith is the same as that from which we have set out in 
the following communication ; and, indeed, we found, after ma- 
king some progress in our own work, that several of our demon- 
strations (which we at first thought were new) had been already 
given by him, while all the chief conclusions were, as we have 
said above, implicitly contained in Kirchhoff’s original memoir. 
Consequently, although the present paper contains a few minor 
results which, so far as we know, have not been pointed out ex- 


* Pogg. Ann. vol. lxix. p. 161. 

+ Pogg. Ann. vol. lxxii. p. 435. 

t About the same time, the same subject was taken up by Ridolfi of 
Florence (I Cimento, An. V. 1847, May-June), whose paper, however, we 
only know from the references of Beetz (in Dove’s Repertorium, vol. viii. 
p. 147) and Poggendorff (Pogg. Ann. vol. Ixxii. p. 449). No reference to 
this paper is given either in the Royal Society’s Catalogue of Scientific 
Papers, or in the carefully compiled“ Bibliographie of the mathematical 
theory of the voltaic pile in Verdet’s Conferences de Physique (Œuvres de 
Verdet, vol. iv. p. 351). f 

L 2 


116 MESSRS. d. c. FOSTER AND O. J. LODGE ON THE FLOW OF 


plicitly before, we do not claim for its contents any essential 
novelty; and our only reason for venturing to publish it is that 
the mode of treatment adopted in it has enabled us to establish 
by strictly elementary mathematical methods, and so to render 
accessible to a greater number of readers, many of the conclusions 
which previous writers had arrived at by more abstruse processes. 

2. In order to avoid ambiguity, it may be well to begin by 
giving a few general explanations and definitions of terms that 
will be frequently used in what follows. It will be assumed that, 
in all cases considered, the flow of electricity has attained a sta- 
tionary condition—that is to say, that on the whole there is 
neither gain nor loss of electricity at any part of the sheet, but 
that at every instant the quantity that enters any part and the 
quantity that leaves it are equal. Positive electrodes, or such as 
supply positive electricity to the sheet, will be spoken of as 
“sources,” while negative electrodes will be termed “sinks.” 
The rate at which a source or a sink supplies or removes electri- 
city will be spoken of as the“ strength“ of the source or sink. 

Through every point of the sheet a straight line can be drawn 
such that no electricity crosses it at that point; the direction of 
a line so drawn through a given point is the “ direction of the 
current ” at that point. A “line of flow” or “ stream-line”’ is 
a line drawn so that no electricity crosses it anywhere; or, in 
other words, it is a line whose direction at all points coincides 
with the direction of the current. The quantity of electricity 
flowing between two consecutive lines of flow is everywhere the 
same; for since no electricity crosses either of them, whatever 
quantity starts between them must remain between them through- 
out their whole course. It may he useful to observe that flow- 
lines are not loci of constant strength of flow, they are lines 
of direction simply. 

The “ strength of the current“ at any point is given by the 
quantity of electricity which crosses, in unit time, a short line 
normal to the flow-line through the point, divided by the length 
of the line. 

If a line be drawn so as to intersect the lines of flow every- 
where at right angles, there will be no flow of electricity along 
it; but since the sheet on which the line is drawn is a conductor, 
this implies that all points of the line are at the same potential, 
or that the line is an “ equipotential line.“ 
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8. It is obvious that a line of flow and an equipotential line 
might be drawn through every point of a conducting sheet tra- 
versed by a current, so that, if it were possible to draw them all, 
the sheet would be completely covered by two sets of lines cut- 
ting each other at right angles. The general distribution, how- 
ever, of the lines of each set can be correctly shown without 
drawing more than a limited number, if those that are drawn 
are selected according to a definite and easily recognizable rule. 
For this purpose the most convenient rule to adopt in relation 
to the lines of flow, is to place them so that the total flow of 
electricity between each pair of consecutive lines is the same— 
and with regard to the equipotential lines, to place them so that 
the change of potential in passing from any one to the next con- 
secutive line is the same. In the sequel, whenever a system of 
lines of flow, or of equipotential lines, is referred to, it is to be 
understood that the lines are placed so as to fulfil the above 
conditions. j 

One Pole in an Infinite Sheet. 

4. In this case it is evident that the lines of flow are straight 
lines radiating out from the pole, and that the spaces between 
each pair of consecutive lines will convey equal currents if each 
line makes the same angle with the next. If a circle of radius 
r be drawn about the pole as centre, the quantity of electricity 
which crosses the whole circumference in unit of time, will evi- 
dently be the same whatever the value of r, and will be equal to 
the quantity Q supplied in the same time by the source. Hence, 
at distance r from the source, the strength of the current will be 


2, 
aur 
or inversely proportional to the distance r. 

It is evident also, either from general considerations of sym- 
metry, or from the condition that equipotential lines and lines 
of flow must intersect each other at right angles, that the equi- 
potential curves for the case we are considering are circles having 
the source at their common centre. 

5. If R be the resistance to the radial flow of electricity across 
the annular portion of the sheet bounded by circles at the po- 
tentials V, and V, we have, by Ohm’s law, 


v. V. On; 
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whence, since Q is constant, equal differences of potential will 
be found at the boundaries of annular belts of equal resistance. 
The relation between the radii of successive equipotential circles 
with a constant difference of potential may be deduced from this 
condition as follows:—The resistance of any very narrow belt must 
be proportional to its breadth, or the difference between the 
radii of its external and internal circumferences ; and it must be 
inversely proportional to the mean circumference, which, seeing 
that the circumference varies directly as the radius, will be simply 
the arithmetic mean of the external and internal circumferences, 
That is, if ri, 72, rg are radii of successive circles, these circles 
will bound spaces of equal resistance if 
Te") 212 
(Tri) re 
or 
rirs ri. 

Hence the radii of successive equipotential circles form a geo- 
metrical progression whose common ratio may be called p. 

6. To find the resistance of a belt bounded by concentric 
circles whose radii are r, and r respectively, let 
71 =H ,; 
so that there are n equipotential circles contained in the belt, 
where 


Denote the thickness of the conducting sheet by ô and its con- 
ductivity by x; then, by the last section, the resistance of a nar- 
row ring whose bounding circles have the radii 1 and 1 + Ar( = y) 


will be 
„„ = ee 
o KS 1 (2+Ar) 2m mò 24Ar 
But the whole belt we are considering is made up of n rings, 
each of the resistance R,. So the resistance of the whole belt is 
1 Ar 
R=nRo= (ZT Are log (14 Ar) 8 


or, letting Ar decrease without limit, 


Ree oe ge ws ee 


R 


Te, 
ri? 
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7. Putting this value of R into the expression for the differ- 
ence of potential of two circles of radii 7, and re, we have 


Q r 
v. -V. grcz · ls (S), 
whence the potential at any point of the sheet is at once given 
in terms of the strength of the source and the potential at unit 
distance from the source. Thus let Vi be the potential at unit 
distance, then the potential V at any distance r becomes 
— Q 
V=V,- nr Zeh OB" ee a oe 2 

8. The same result may be obtained without previously cal- 
culating the resistance of a belt of finite breadth as follows. The 
radii of successive equipotential circles, beginning at the pole 
itself, are (§ 5) 

PTP. . u , h, I, py WP. . 

Let the common difference of potential between consecutive 
circles be Av; then, if r=*, the potential at distance r is less 
than the potential at unit distance by n times Av, or 


Av 
V,=V,—ndv=V,— log j log 7. 


But 187 is constant; and putting 1 J dr for p, where dr is the 


breadth of the infinitely narrow belt whose inner boundary is 
the circle of unit radius, we have 


Av dv dv 


loge log (Id dr 
Multiplying this by the circumference of the belt (2) and by 
the conductivity and thickness of the sheet, we get the strength 
of the current across the whole belt, or 


dy 
27rxò d =Q, 


Av e 
logy 2arKd 
whence 
Q 
V=V,- Dard log Ts 
as before. 
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Two equal Opposite Poles tn an Infinite Sheet. 


9. If there are two or more electrodes in an infinite uniform 
conducting sheet, the strength and direction of the current and 
the potential at any part of the sheet are obtained by the simple 
superposition of the effects which each electrode would produce 
at that part if it were the only electrode in the sheet. This 
might be regarded as probable d priori; and it is proved by 
experiment to be the case. Hence the effect of any number of 
poles in a sheet may be deduced by properly extending the con- 
clusions already arrived at with regard to a single pole. We will 
first discuss the case of a single source and a single sink of equal 
strength. l 

10. Lines of Flow.—Let A (Plate IV. fig. 1) be the source, 
and B the sink. The flow-lines due to these, taken separately, 
would be two equiangular pencils of straight lines drawn out- 
wards from A and inwards towards B. These two systems of 
lines subdivide the whole surface of the conducting sheet into 
quadrilaterals, such as PQ and QR. The actual direction of 
the flow at any point P, due to the combined action of the source 
and sink, will evidently be intermediate between the directions 
of the primary streams A P and P B through the same point; 
similarly the direction of the resultant current at Q will be in- 
termediate between the direction of the primary streams AQ 
and QB; in other words, the line of resultant flow through P 
will enter the quadrilateral P Q at P, and the line of resultant 
flow through Q will pass at Q from the quadrilateral P Q into 
the quadrilateral QR. And it can be shown that the points P, 
Q, and R are points on the same line of flow—that is, that a 
continuous curve can be drawn through P, Q, and R such that 
no electricity flows across it. Thus, let the points of intersection 
of the primary flow-line AP with the primary flow-lines through 
B which are nearest to PB on either side of it, be marked P’ 
and P, respectively; and similarly let W and Q, R/ and R, be 
the points where A Q and A R intersect the next flow-lines on 
either side of Q B and R B respectively. Then, since the total 
flow of electricity from A between the lines AP and AQ is 
everywhere the same and is equal to the flow towards B between 
the lines PB and QB, which is likewise everywhere the same, 
the quantity of electricity flowing in a given time across any of 
the lines PQ’, P,Q, PP,, Q' Q, which bound the quadrilateral 
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PQ, is equal. Consequently, considering either of the triangles 
PQQ or PP, Q, the flow inwards across P Q! or P P, is equal 
to the flow outwards across Q'Q or P,Q; and therefore there 
cannot on the whole be any flow across a line drawn inside the 
quadrilateral from P to Q. Evidently also, by drawing a suffi- 
-cient number of straight lines through A in directions inter- 
mediate between A P and AQ, and an equal number of lives 
through B in directions lying between PB and QB, keeping 
the angle between consecutive lines constant in both cases, we 
can subdivide the line P Q into portions as short as we please, 
and such that no‘electricity flows across any of them. Hence 
P and Q are points on the same line of flow; and it follows, 
similarly, that the point R is also situated on this line. The 
same kind of reasoning also proves that a second line of flow 
passes through the points P, Q, and R’, and a third through 
the points P. Q, and R. Moreover, since the strength of the 
flow between the lines POR and PQR is measured by the 
quantity of electricity which in unit of time crosses any of the 
lines PP, PQ’, Q'Q, QR’, or R R, and the strength of the 
flow between the lines PQR and P,Q,R, is measured by the 
quantity which similarly crosses any of the lines P P, P,Q, QQ, 
, R, or RR, and since these quantities are equal to each 
other, it follows that the lines POR, PQR, and P, Q, R, are 
consecutive flow-lines of a system which divides the conducting 
sheet into portions each of which conveys an equal current. 

It is important to observe that the reasoning employed here 
is general, and not limited to the special case to which it has been 
applied. The general conclusion to which it leads may be thus 
stated :—If similar * systems of lines of flow be drawn, corre- 
sponding to each of two separate systems of sources and sinks, 
the lines of flow which would result from the combined action 
of the sources and sinks of both systems will be obtained by 
drawing curves through the alternate angles of the quadrilaterals 
produced by the intersections of the two primary systems of 
flow-lines, in directions concurrent with both the primary flow- 
lines that intersect each other at each angle. 

11. The method which, as we have seen, allows the flow-lines 


* By similar systems is here to be understood systems such that the 
total flow between any pair of consecutive lines of the one set is the same 
as that between any two consecutive lines of the other set. 
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for two equal opposite poles to be drawn, also enables us to 
deduce very easily their general form. Let æ be the constant 
angle between consecutive flow-lines of the pencil diverging 
from A and of that converging to B. Then, evidently, 


ZAPB=ZAQB=ZARB=... na, 
where n is a constant integer. Also 
ZAP B=ZAQ'’B=... (n T la, 


and 
LAP, B=ZAQ B=... =(n—Il)a. 

Hence the lines of flow due to one source and one sink of equal 
strength are arcs of circles passing through the poles, each one dif- 
fering from the next by a constant change (=a) in the angle which 
the radii vectores from the poles make with each other; or, what 
comes to the same thing, they are arcs of circles cutting each 
other at the poles with a constant difference of angle equal to 
the constant difference of angle (Sa) between the rectilinear 
flow-lines which either the source or the sink would produce by 
itself. 


12. The whole number of flow-lines is therefore a, or the 


same as the number of lines leaving the source or entering the 
sink when either of them is by itself in the sheet. This is evi- 
dent also if we consider that infinitely near to either pole the 
effect of the other vanishes in comparison, and therefore the 
lines close to each pole are the same in all respects as they would 
be if the other pole were absent. 

18. The circular form of the flow-lines for the case we are 
considering can be demonstrated in various other ways. We will 
give here one additional proof, on account of its great simplicity. 

The flow through any point P due to a source at A and a sink 
at B, being the resultant of the currents through the same point 
due to A and B taken separately, will be represented in strength 
and direction by the third side of a triangle whose other two 
sides represent the currents from A and towards B, respectively, 
in strength and direction. But the strengths of the two com- 
ponent currents are inversely as the distances A P and BP re- 
spectively (§ 4): hence the following construction (fig. 2). 
From B draw BT parallel to A P, and make its length a third 
proportional to A P and PB; then PT gives the direction of 
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the flow at P, and its length is proportional to the strength of 
the current at P. The similarity of the triangles A P B and 
PBT gives the angle B T equal to the angle PAB; and con- 
sequently (converse of Euclid, III. 82) the locus of P is a circle 
through A and B. 

14. It was shown in & 10 how a system of lines of flow can 
be traced out by successive points. To be able to draw them 
continuously with compasses we only require to know the posi- 
tion of the centres; and these are easily found from the following 
considerations. Since the circles of which the flow-lines are arcs 
pass through the poles A and B, their centres lie in the straight 
line at right angles to A B, through O its middle point. If C 
(fig. 3) be the centre of the circle which gives the flow-line 
through any point P, the angle at C is equal to the ungle at P 
—the angle characteristic of the given flow-line; and therefore 
the angle OAC is the complement of the angle at P. Putting 
A B=2a, we have 


OC=a.tanO AC=a.tan(F—A PB). 


Let the number of lines to be drawn be m, then the constant 
difference between the angles contained under consecutive lines 
will be 

27 


3 


and the several lines will be given by making the angle at the 
circumference successively equal to 

O, a, 2a..., T—a, T, THA, . . . 2 — 2a, 2wr—a, 2, 
or, what is the same thing, to 

O, a, 2a, . . 7— a, — r, — (r- a), . . - 23, — a, O, 
where the values 0, 7, -r, and 27 are represented by the 
straight line through A and B, and negative angles indicate flow- 
lines passing on the lower side of A B. But, as is evident from 
the figure, the same circle gives the two flow- lines whose charac- 
teristic angles are na and — (r- na); hence the number of circles 
to be drawn or of cen“ ves to be found is equal to half the number 
of flow-lines; and we need only cousider those characterized by 
angles between O and , of which the complements are 


m 7 T T 
2 ga & 0, —a,... —(F-«), — 2 
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Consequently the required centres are obtained by drawing lines 
from A making the above angles with A B, and letting them in- 
tersect the perpendicular to A B through O; or, without mea- 
suring angles, by laying off from O in both directions along the 
perpendicular to A B lengths proportional to 


O, a tan a, atan2a, . . a tan (25). a tan g. 
Plate IV. shows a system of lines of flow for which a = 200. 
15. The strength of the current at any point P due to a source 
at A and an equal sink at B is represented in the construction 
given in § 13 by the length of the line PT (fig. 2); but by the 
similarity of the triangles P BT and AP B, 


PT _ AB. 
BT PB’ 
or, putting A Ba, 57 =, and PB=r’, the strength of 
the current is 
2 2 2a 
s= 2 PTS = P e e e > >œ (3) 

Hence, for given poles at a given distance apart, the strength 
of the current is the same at all points of the sheet for which 
the product of the distances from the two poles is constant ; or 
the loci of equal flow are a system of lemniscates *. 

16. Equipotential Lines. — The flow-lines for the case of one 
source and one equal sink having been determined, the form of 
the equipotential lines is at once given by the consideration that 
the two sets of lines cut each other orthogonally (§ 2) ; and it is 
a well-known geometrical result that the system of lines ortho- 
gonal to the system of circles which, as has been seen, represents 
the flow-lines for this case, is another system of circles having 


* The strength of the current at various parts of a circular disk with 
equal opposite poles on the edge was examined experimentally by Kirch- 
hoff, by suspending a small magnet, with a mirror attached, close above 
the disk, and was found to agree closely with the results of calculation. 
Mach has since given a more direct proof that the lines passing through 
points of equal flow are lemniscates. A disk of silver-leaf was coated with 
a thin film of wax; and on allowing a strong current to traverse it for afew 
moments, the wax was melted within a space bounded by a lemniscate and 
the edge of the disk (Carl's Repertorium f. eaperim. Physik, vol. vi. p. II, 
1870). 
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their centres on the line through the poles, each circle cutting 
this line once internally and once externally in points situated 
harmonically with respect to its extremities. The simplest 
general expression for such a system of circles is the equation 


j 
pao 

where c is a quantity which remains constant for each circle but 
varies from each circle to the next, and r and are the distances 
from any point of the curve to the source and sink respectively. 

These general properties of the equipotential lines are easily 
established by referring to the construction employed in & 13. 
We there saw that PT (fig. 2) is a tangent to the line of flow 
through P; and consequently it is normal to the equipotential 
line through the same point. If we produce PT to cut AB 
produced in C, we have the triangles BCP and PC A similar, 
and 

CP?=CA.CB; 

whence it appears that if tangents to the lines of flow be drawn 
from any point C in A B produced, the distance from C to the 
points where these tangents touch the lines of flow is constant 
and depends only on the distances of the point C from A and B 
respectively. Therefore, if a circle be drawn with centre C and 
radius C P, it cuts all the lines of. flow at right angles, and is 
consequently an equipotential line. If it is only required to find 
the centre of the equipotential circle through any point P, the 
simplest method is to make an angle B C equal to the angle 
BAP; then the point where P C and A B intersect is the centre 
to be found. 

The similanty of the triangles BC P and PC A also gives 


AP r AC. 

PB r CP’ 
or the ratio of the radii vectores from the two poles is constant 
for a given circle, as already stated. 

17. The above method suffices for drawing the equipotential 
lines through any number of given points, but not for placing 
them systematically (or so that the difference of potential between 
consecutive lines may be constant). For this purpose we may 
have recourse to a process of superposition of the same kind as 
that employed (5 10) for placing the lines of flow. 
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We have seen (§ 5) that the equipotential lines for a single 
pole are concentric circles, and that the radii of consecutive 
circles form a geometrical progression. To find the system of 
equipotential lines for two equal opposite poles, it is only needful 
to draw for each pole separately a system of equipotential lines 
with the same difference of potential between any one line and 
the next as it 1s intended that there should be between the lines 
of the combined system, and then to draw lines through the 
intersections of the two overlapping systems of circles thus ob- 
tained, taking care, in going from one intersection to the next, 
that the changes of potential are in opposite directions for the 
two primary systems taken separately. Thus, let the lines 1, 2, 
8, 4 (fig. 4) represent portions of equipotential lines due to a 
source at A; and 1’, 2, 3, 4 portions of equipotential lines 
due to a sink at B; and let the potential of the line 1 be V, and 
let that of the line 1’ be V; further, let the change of potential 
in passing from any one line to the next in either system be v, 
so that the potentials of the lines 2, 3, and 4 are V—v, V- 2v, 
and V—3v respectively, and the potentials of 2, 3’, and 4/ are 
Wr, V2, and V'+3v respectively. Then, at the points 
where 1 and 1’, 2 and 2’, 3 and 3', 4 and 4 respectively intersect 
each other, the potentials will be the sums of the potentials of 
the intersecting lines; and therefore the potential at all these 
points is the same, namely V + VI. Consequently P, Q, R, and 
S are points on the same equipotential line. Similarly it follows 
that Pi, Qi, and R, are points on the line whose potential is 
V+V'+v; and Q’, R, and S points on the line whose potential 
is VTV — v. We thus get the potential of the resultant equi- 
potential lines differing by the constant amount v, which is the 
same as the difference of potential of the lines of the two primary 
systems. 

It is evident from this that any two systems of equipotential 
lines whatever, which have the same constant difference of poten- 
tial, can be compounded, so as to give a single resultant system, 
by tracing lines through alternate angles of the quadrilaterals 
produced by the mutual intersection of the lines of the two 
systems, and also that the constant difference of potential 
between the lines of the resultant system will be the same as 
that between the lines of each of the component systems. 

18. Let be the common ratio of the radii of the equipoten- 
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tial circles of the two primary systems considered in § 17, and 
let the radius of the circle 1 be “ and that of the circle 1’ be * 
(see § 8) ; the radii of the successive circles of the one set are 
then , w"t3,..., and of those of the other ., , 
Hence for the ratio of the radii vectores from the two poles for 
the points P, Q, R, S, we have 

p” pet pats pets 


pe pate un 2 


respectively; that is, we have for all these points the common 
ratio 
UTT, 
Similarly, we should find for the points P,, Q,, and R, the 
common ratio 
42 , 
and for the points Q’, R, and S! the common ratio 
pee", 


Hence, not ouly are the equipotential lines for two equal and 
opposite poles charaeterized by a constant ratio of the radii vee- 
tores, as already proved (§ 16), but this ratio changes in a con- 
stant ratio on passing from any one line of the system to the 
next, the ratio of change (=) being the same us the ratio of 
change of radius on passing from one line of the system due 
to a single pole to the next. 

19. The actual potential at any point of the sheet, in terms 
of the distances of this point from the two poles, follows directly 
from equation (2) in § 7. Let r be the distance of the given 
point from the source, and 7’ its distance from the sink; put V 
for the potential at the point due to the source alone, and V' for 
that due to the sink alone. Then we have 


Vek eee, 


22 
and 
Q 
t— Yr ; 
| ViVi ered log 
and since the source and sink are equal, Vi - V. and 
=- therefore the resultant potential, or V + V’, is 


_ 2 r 
U=zg 087 e © © © © © -¢ (4) 
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This gives the potential =O at all poiuts of the straight line 
equidistant from the two poles, positive on the side of this line 
next the source, and negative on the side next the sink. Also 
it shows that for equal differences of potential we must have equal 


differences in the value of log b which agrees with. what was 


proved above (§ 18). 
We may write (4) thus (§ 8), 


U=% log * =. Av; 


whence, regarding the source and sink for the present as mere 
points, the value n = will correspond to the former, and 
n=—oo to the latter, while n=O denotes the straight line at 
an equal distance from both. 

20. Let the distances from O (the middle point of A B) of 
the points D and D/ (fig. 2), in which the circle of potential U 
cuts A B, be called / and /; ‘then, a being as usual half the dis- 


tance between the poles, e 
erie 
a=) Poa? 


where u” is the ratio of the radii vectores of the given circle, 
Hence 


lf = a?, 
and 
ia „ 
p” + 1 5 42 *—1 


For the radius of the circle, we have evidently 
a _ Rap 
pP=§ -9 ~ oe —]’ 


and for the distance of its centre from O, 


mil, 
=]? 


d=l+p= pa 


also 
pd = CA. CBS (dan = d- as, 
where 4(=d—a) is the distance of the centre of the equipoten- 
tial circle from the nearest pole. 

21. In order to draw a system of equipotential circles with 
compasses, it is most convenient to have given the digtances of 
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the centres from the nearest pole, and also the distances from 
the same point of one of the intersections with AB, the line 
joining the poles—that is, in fig. 2 the distance BC and either 
BDorBD’. Now 


2a 
BC=h=d—a = — T 


2a 

ET 

and BD S 
42 —1 

Any convenient value such as 2 or f may be given to i; or ifa 
special number of lines be required, a value may be found to suit. 
Thus let L be the greatest value that is to be given to I, and m 
tbe number of lines required on each side of O. We shall have 


a+ or lo 1, a+L 
„ 3 f= 81 N 


which determines the value of . 
The successive values of B D/ are then 


— 
9 » „ % ————ĩ—— 3 


The successive values of B C are simply alternate values of 
these, namely 
2a 2a 2a 
AP por get: 
Plate IV. shows the equipotential lines drawn for a value of 
4 =. 
22. Resistance.— The resistance, in the direction of the flow, 
of the part of the sheet extending between two given equipo- 
tential circles follows directly from equation (4) (in § 19). Thus 
for the potentials of the circles characterized by the ratios ri: r’, 
and r:r’ respectively, where r, and rọ are distances from the 
source, and r’, and 7’, the corresponding distances from the sink, 


we have 
_ Q 2 ro 
U = Dard log 71 and U irg log Ty 
whence 
Q rir, r, 
-U n or 


VOL. 1. M 
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Consequently the resistance of the pait of the sheet between 
these circles is 

U,-U, 1 r rie P 

Q “aed e re 

If p, is the radius of the circle which Las the greater absolute 

potential, or the one nearest the source, and p, ìs the radius of 

the circle nearest the sink, the similarity of the triangles A PC 
and BPC in fig. 2, Plate IV., gives 


r r 
ree = and 5 
for circles round the source, and 
Pr”) ang Pe "a 
a+d, r a ＋ % r, 
for circles round the sink. Substituting these values, ve get 
1 (a+d,) 
Para aaa 
if both cireles surround the source, and 
R 1 To g Pla + a2) 
2789 pa A d) 


if they both surround the sink. In the former case we have 
pipi, and in the latter case pi p; but using p, for the radius 
of the smaller circle and p, for that of the larger, we may write 
1 p,(a+d) 
l 2 l 
j ~ Qarnd 85 p,(a+d,) (6) 
for the resistance between two equipotential circles surrounding 
the same pole, whether that pole be a source or a sink. 
If the circles surround opposite poles, the resistance becomes 


R. I log (2+ 4) ( (7) 


2 2102 
In the case of circles round the same pole, if the other pole 
is infinitely distant, the value of R becomes 


1 P2 
27K ne 5. 
which is identical with (1), the value found for the resistance of 
an annular belt of internal radius p, and external radius pọ; and 
in fact the case supposed (an infinite distance between source 
aud sink) is physically identical with the case of a single pole in 
an infinite sheet. 
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When the circles surround opposite poles, if the radii are equal, 
the resistance becomes 


Kd p TKÒ p 
or when the common radius is small as compared with a, 
1 2a 
= — — 0 . * 0 ° 0 8 
R = log 5 (8) 


23. The following modified forms of (6) and (7) obtained by 
means of the relations (§ 20) 


atd_p e_m a E 
1 a. =I, 2p=l—l, 


p 
may also be noted : 


1 h 
! 217, 
5 2arKd log Pah, | 
1 010 6 (9) 
bee 
= Zmed los 51 | 
„ I jo VV A (Vle + Vh) >~ 


red sT -N 


RU I pe Vith Weth) f . (10) 
T Bard (V NUV | 


24. If two equipotential circles alone are given and it is re- 
quired to find the resistance between them, the position of the 
poles A and B being unknown, the expressions given above for 
R and R” are inapplicable (unless the circles are so small that 
their centres sensibly coincide with the poles) ; for in such cases 
the values of r, V, a, d, h, and J are all unknown. The distance, 
however, between the centres of the circles is directly measurable ; 
and the resistance can be expressed in terms of this distance and 
of the known radii as follows. 

Calling the distance between the centres D, we have for circles 
surrounding the same pole, 

D=d,—d,=V/ a" + = v/a? + pf, 
which gives 9 re 
Mun Fei b Verf f= a 
and 
a = 


~ (pi + Pet D)(p + Po D)(p, —pa + D)(pı—pa— D) , 
2 


ũ 2 
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Hence (6) may be written * 
1 
5 

W Zb °S 
pa (pı tp2+D)(o, + p D) —pe + D) C- -D) + pi — pa — D" (11) 
Piv (Pı +Pe+ D) (pı + Pa— DP, —pe + D)Pi—pe—D) +p —p3 + D* 

When the equipotential circles surround different poles, we have 

D=d +h =V ++ + pi, 


which gives 


EEEE D* + (p? —p*) D*— (p?— p 
o r E 
and a the same as before. Hence (7) may be written 
1 
Wo _ log 
laa Zercd 8 
20102 


25. If instead of considering the whole extent of the sheet we 
confine our attention ta that part of it which is contained be- 
tween any two lines of flow (see Plate IV.), its resistance will be 
given by any of the above formule if instead of 27 in the deno- 
minator we put the angle, say y, which the lines of flow forming 
the boundaries make with each other at either pole; for the 
spaces between every pair of tonsecutive flow-lines convey equal 
currents; and since the difference of potential between their 
ends is the same for all, they all have the same resistance. Con- 
sequently the resistance of a part of the sheet made up of such 
spaces is inversely proportional to the number of them which 
compose it. Now, using as previously a to stand for the angle 
which two consecutive lines of flow make with each other at the 
poles, the total number of spaces into which the whole sheet is 


divided is , and the number of spaces lying between lines of 
flow whose angle at the poles is y, is 25 hence, if R, is the resist- 


* This expression was given in a slightly different form by Gaugain on 
the authority of Blavier (Ann. de Chim. et de Phys. Ser. 3. vol. Ixvi. p. 203. 
1862); and a demonstration has since been published oy the latter 
(Journal de Physique, vol. iii. p. 115, April 1874). 
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ance of the part of the sheet bounded by these lines, and R the 
resistance of the whole of the sheet, we have 
R, Qa 


— = 


R y 
Inu the case of two flow-lines which form arcs of the same 
circle drawn through the two poles, we have y=7, and therefore 


R,=2R. 


Hence, if a small equipotential circle is drawn round each pole, 
the resistance of the part of the sheet lying between these circles 
and contained within any circle drawn through the poles is the 
same, being equal to twice the resistance of the unlimited sheet 
between the same two equipotential circles, and also equal to the 
resistance of as much of the unlimited sheet as would be left 
after cutting out the portion bounded by any circle through the 
poles. Consequently if p is the common radius of the small 
equipotential circles, we have, for the resistance of a disk on the 
edges of which the poles are situated, and also for that of the 
space outside it, according to §§ 22 & 24, 


2 a 
R= log or R= Šp log. .. (18) 

26. It may be observed that the method by which the 
resistance was obtained above (§ 22) is essentially the same as 
that adopted by Kirchhoff. The method by which we first ob- 
tained the expression, however, was founded on the consideration 
of the equality of the resistance of the curvilinear rectangles into 
which the sheet is divided by the intersecting systems of lines of 
flow and equipotential lines (vide Plate IV.). This process, which 
may be stated as follows, we afterwards found to be somewhat 
similar in principle to that employed by Smaasen. 

Let two circular electrodes be placed upon the sheet so as to 
coincide with two of the natural equipotential circles, which for 
simplicity we will assume to have the same radius (=p). The 
spaces between consecutive lines of flow are of equal resistance, 
and may for the present purpose be regarded as so many inde- 
pendent conductors connecting the two poles and combined in 
multiple arc. Consequently the resistance of the sheet which 
is made up of these spaces, is equal to the resistance of one of 
them divided by their whole number. These spaces in their turn 
are each composed of 2n equi-resisting rectangles arranged in 
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series; so the resistance of each space is 2n times the resistance 
of one of the rectangles, 2n being (as is evident from Plate IV.) 
the whole number of equipotential lines in the sheet which are 
not obliterated by the electrodes. 

Now consider the resistance of one of the four rectangles at 


the middle of the figure. Its length O D=i= 4 (520) (for, 
n=O giving the straight equipotential line through O (§ 19), 


the next one will be given by n=1). Its breadth ö, which in 
fig. 3 is denoted by O Q, will be 


> = a tan 2 
Calling & the thickness and æ the conductivity of the sheet 
as before, the resistance of the rectangle will be approximately 


1 42 —1 
* tan d ptl’ 


a cot 


l 

The number of equipotential lines between the electrodes is 
2n if the electrodes are of equal size and coincide with the nth 
equipotential circle on each side of the middle line. The radius 
of this circle is given in § 20 as 

ee 
solving which we get 
_ at * +p? 
p 
The positive sign only is admissible, since x is essentially posi- 
tive; whence the number of lines 
2 

log Oe Ee 
log y p 


So, then, the resistance of a strip between two consecutive flow- 
lines is 


R = 2nR = 


2n = 


2 4—1 10 a+ Vv a* + p* 
(u+ I) cò tan ġa log u 5 p ` 
The number of flow-lines in the sheet is (§ 12) 

27 


2 
a 
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therefore the resistance of the whole sheet is approximately 
_ a . 1 a 6 —1 a+ V atp 
. ła log y 0 p f 
Now, make the rectangles infinitely small (aud therefore recti- 
linear), by letting « approach O and u approach 1; then 


_ 1 a+ V a? +p? 
R= 7 8 log a 2 7 
the same expression as that obtained at the end of § 22 for the 
same case. 

The resistance of the segment contained between two flow- 
lines intersecting each other with the angle y is, under the same 

circumstances (§ 25), 

5 2 ; a + v a? + p? 


=o log (14) 


Any number of Poles in an Infinite Sheet. 


27. Lines of Flow.—The equation to the flow-lines for two 
equal and opposite poles, A and B, in an unlimited sheet, was 
obtained in § 11 in the following form, 


LAPB na, 


where n is a parameter whose value changes by unity on passing 
from one line to the next, and æ is the angle between adjacent 
rays of the equiangular pencil of flow-lines produced by either 
pole separately. If the straight line AB be taken as the axis of 
x, the above equation may be written 


LAPB =Z PBX —ZPAX S Na. 


Moreover it was shown, in § 10, that the system of flow-lines 
resulting from the composition of any two similar systems is 
obtained by drawing lines through the alternate angles of the 
quadrilaterals produced by the mutual intersection of the lines 
of the component systems, in directions concurrent with both the 
flow-lines which intersect each other at each angle. Hence, if the 
poles A and B (Pl. IV. fig. 1) were of the same sign (both sources 
or both sinks), the lines of flow of the resultant system, instead 
of passing through the points P, Q, R and P., Qi, RI, &c., as 
there represented, would pass through the supplementary angles 
of the quadrilaterals, namely from Q to Pi, from R to Q, &c. 
It is evident that, as we pass from point to point of a line 80 
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drawn, the augles which the radii vectores from the poles make 
with the axis of z change equally, but in opposite directions; 
hence this equation may be written 

£PBX+ZPAX=na. 


28. If, instead of the line through the poles, any other straight 
line in the plane of flow be taken as the direction of reference 
for measuring the angles made by the radii vectores, the form in 
which the equations to the lines of flow have just been given will 
still be applicable. Thus, if the line X (Pl. V. fig. 1), making any 
angle ô with A B, be taken as the direction of reference, and if a 
and 6 be the points where it is met by P A and P B respectively, it 
is clear that the angles P a X and P b X are each of them less than 
the previous angles P A X and PBX by the angle ô, but that 
for each flow-line they give a constant sum or difference accord- 
ing as the poles are of the same or of opposite kinds. Hence, 
denoting the angles which the radii vectores make with any fixed 
line by 6, and 0, respectively, and agreeing to distinguish sources 
and sinks by a difference of intrinsic sign of the angles corre- 
sponding to them, we may write the equation to the flow-lines 
due to two equal poles, whether similar or opposite, in the 
general form 
| 6,+ 0, na. 

29. In like manner, the lines of flow due to any number of 
equal poles are represented by the equation 20=2e, the angles 
which the radii vectores from the several poles make with any 
fixed line being respectively denoted by 01, 0% . . . In order 
to prove this, it is sufficient to show that, if the expression holds 
good for any given number of poles, it will still be true for one 
pole more; for since the formula has been proved for two poles, 
this would enable us to advance, by successive additions of one 
pole at a time, to any number. 

Let, then, the curves P’Q’R, P'Q R, and PQ, R, (Pl. V. fig. 2) 
represent parts of three successive lines of flow due to any number 
k of equal poles, and Jet them be characterized respectively 
by the following values of 20, namely (n+ 1)e, na, and (n—1)a. 
If there is another pole of the same strength at L, which we will 
suppose in the first instance to be a source, the pencil of flow- 
lines diverging from it with the common difference of angle « 
will intersect the flow-lines from the & sources, producing a 
number of quadrilaterals through whose opposite angles the 
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lines of flow will pass which result from the action of the pole 
at L combined with that of all the rest (§ 10). If the direction 
of the flow along the lines of the component systems be as re- 
presented by the arrow-heads* in the figure, one line of the 
resultant system will pass through the points P and Q, another 
through P, Q, and R, and a third through Qi andR,. Let the 
lines joining the source L with the points P, Q, and R cut the 
fixed line K in p, 9, ander respectively; then, for the flow-line 
through Q due to the & poles, we have by hypothesis 


6,+46,+ eee +0,=na; 
and for the line through the same point due to the source L 


we have 
LQqX=ma, 
and therefore, for both together, 
To QgX=(n+m)a. 


For the point P, we have similarly 

20+ PpX =(n—1)a+ (m+ 1) a; 
and for the point R we have 

26+ RrX=(n+1)a+(m—1) ea. 
Consequently for each of these points, which we already know 
are situated on the same flow-line of the resultant system, we 


have 
9116 T.. . 16 T1 0. (n+m)a. 


In the same way, we should get for the points P and Q' situated 
on the line of flow of the resultant system which lies next to the 
line through P, Q, and R on the left, the respective values which 


follow : 
LG PX na ＋ (m I) a, 
24+ R= GU l) na, 


For the purpose of the argument in the text, we may assume arbi- 
trarily either the direction of flow along the assumed system of lines of 
flow, or the direction of increase in the value of » (in xe), but not both; 
for a definite assumption regarding one of these conditions determines the 
other also. If the system of flow-lines for any given set of poles is built 
up by successive repetitions for one pole at a time of the construction given 
in § 10, it will be found that the conventional distinction between positive 
and uegative angles leads to the following rule as to the connexion between 
the two above-named conditions :— Going along a given flow-line with the 
flow, any line on the left hand corresponds to a higher value of » than the 
given line, while a line on the right hand corresponds to a lower value of n. 
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and therefore for each of them 
97 T. 0, T 0% = (um TI) a. 


The same reasoning gives for the points Q, and R, on the line 
of flow next on the right to that through P, Q, and R, 
iT. . 461 T = (n+m—1)a. 

30. Next suppose the additional pole at L to be a sink; then, 
since the resultant flow must be everywhere concurrent with both 
the components, the new flow-lines will pass through the other 
pair of angles of each quadrilateral; for instance, three conse- 
cutive lines will pass through the points P’ and Qi, through PI, 
Q, and R, and through & and R, ; and by applying the same 
considerations as above, it will be seen that these lines are cha- 
racterized by the following values of the expression 


0+. ; 46,7 0, 
namely: — for the line through P! and Q,, 


(n—m+l)a; 
for that through P”, Q, and R,, 
: (n—m)a; 


and for that through Q! and Ri, 
(u- m-. ) e. 
Hence it follows that sources and sinks affect the value of the 
sum of angles denoted by 2@ in opposite ways, and therefore that, 
as assumed provisionally above (§ 28), sources and sinks must be 
distinguished by a difference in the intrinsic sign of the angles 
which the radii vectores drawn from them make with the fixed 
line. When this is done, the equation 
Lo = na 

is true for the lines of flow produced by any number of equal 
poles, whether of the same sign or not. 

Further, if we have poles of unequal strengths supplying (or 
removing) quantities of electricity in the unit of time denoted, 
say, by Qi Qo . . ., these may be regarded as each of them pro- 
duced by the coalescence of a corresponding number of equal 
poles supplying in unit of time a quantity of electricity g which 
is taken small enough to be acommon measure of all the quan- 
tities Qi, Q. . . . In applying the general formula to such a 
case, the value of 0 corresponding to each pole would have to be 
taken a number of times equal to the number of constituent 
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poles of strength 9 required to make up the actual pole. 


Hence 

>(Q0)=Q,0,+Q,0.+...na . . . (15) 
is a perfectly general expression for the lines of flow produced 
by any number of poles of any strength. 

81. Equipotential Lines.—It was shown in § 17 that the sys- 
tem of equipotential lines resulting from the composition of any 
two systems, for which the constant difference of potential on 
passing from one line to another is the same, is given by draw- 
ing lines through the alternate angles of the quadrilaterals 
formed by the mutual intersection of the lines of the component 
systems, if the angles are taken in such order that on going 
from any one to the next we pass, in one of the component 
systems, to a line of higher, and in the other to one of lower 
potential. We know also (see § 5) that the equipotential lines 
due to a single pole are concentric cireles whose radii vary ac- 
cording to the terms of a geometrical progression, the potential 
increasing in the case of a source as the radii decrease, and, in 
the case of a sink, as the radii increase. Hence it follows 
very simply, by the application of reasoning exactly analogous 
to that employed in § 29, that if P be a point on an equi- 
potential line due to any number of equal sources at the points 
A, B, C,...., and sinks at the points A’, B/, ., 

AP.BP.CP.... 
AIP BB 4“ = constant, 
where u is the constant ratio of the radii of consecutive equi- 
potential circles due to a single pole, while n is a number cha- 
racteristic of the particular line on which the point P is situ- 
ated and increasing by unity if this point passes from any given 
line to the line of next lower potential. For shortness we may 
put r, for AP, r, for BP,. .., and write the above equation 
thus, 
8 
EER 
or 
> log r=n log p. 

32. No part of the above reasoning will be disturbed if we 
suppose that each of the equal poles hitherto discusséd emits (or 
absorbs) in unit of time a quantity of electricity equal to unity ; 
and as this supposition will simplify the consideration of poles 
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of unequal strength, we will adopt it. Then, when the poles 
are unequal, let them severally emit in unit of time quanti- 
ties of eleetricity represented respectively by Qi, G, Qs 
(the absorption of electricity by sinks being reckoned as nega- 
tive emission), the effect will be the same as if Q, Qa. . poles 
of unit strength coincided at the points occupied by the actual 
poles. Hence, in such a case, the radii vectores from the several 
poles must be taken Qi, Q,,.... times in the above formula, 
and it thus becomes 


rid. 702, 17 * 


> (Q log r) =n log p, 
which is a quite general expression for the equipotential lines 
due to any distribution of poles of any strength. 

83. To find the actual potential at any point due to a given 
set of poles, we must recur to equation (2), § 7. Let V, 
V.. . . . be the potentials which the various poles would pro- 
duce at the given point if each acted separately, and let ¢,, 
Pa » - »» be the potentials produced by each separately at unit 
distance from itself; then, taking the other symbols in the 
senses already defined, we have 


or (16) 


Vis bi- Petz lag r., 


Va a log ra; 
and for the resultant potential at the given point, 
1 
U=2V=2¢- Fnr ` 2(Qlogr). e o e (17) 
Since, for a given set of poles, 2q is constant, this gives 
for a locus of constant potential 
2 (Q log r) = const. =2rx (Gb U), 
which is in accordance with (16); for we may write 
2o@—U=ndr, 


and by § 8, when Q=1, we have log A = 2rxò. Av. 
34. As already observed ($ 1), both the general equations 


(0) = const. and %(Qlogr) = const. 
were given thirty years ago by Kirchhoff, who obtained the 
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former as a purely mathematical consequence of the latter. In 
fact, as the systems of lines represented by them are orthogonal 
to each other, it follows that their first derived functions differ 
only in one having 42 where the other has — T hence dif- 
ferentiation and subsequent integration, after akg this sub- 
stitution, convert one expression into the other*, This rela- 
tion between the two equations is of importance, since the 
form of the equipotential lines can be readily determined ex- 
perimentally, whereas no practicable method exists for ascer- 
taining experimentally the course of the lines of flow. 

35. Before going further we may point out some general pro- 
perties of lines of flow and equipotential lines. Physically consi- 
dered, a line drawn from any one pole to any other, so that no 
electricity crosses it at any point, may be regarded as an inde- 
pendent live of flow, as was done in treating the case of two 
equal and opposite poles. The lines, however, given by the 
equation & (Q) = const. are continuous curves each of which 
passes through every pole; and, in a mathematical sense, the 
whole of the curve given by any one value of the constant must 
be regarded as a single line of flow. When flow-lines are spoken 
of in the sequel, it is to be understood that they are complete in 
the above sense. If all the poles are of equal strength, every 
flow-liue passes once through each of them; hence, if they are 
unequal, every line passes through each of them respectively as 


Let the coordinates of the several poles be (a,5,), (a,b,), &e. The 


distances of a point from each will be r 18 Vr — 407 ＋( -br = &e., 
and the angles which the joining lines make with the axis of z will be 


given by tan 0,= y=", tan 6,=&c. Then 
1 


d d 3 
log) 2. Q dz log ~ (z-a) Y 


—b dy) 
(4 — „ 5 5) dx 


Now make the substitution, equivalent to writing $+ ~ 25 for &, and in- 


tegrate, 


22.0 


5 
f: DE Ar yr 
=3 . Q tan-ı = 
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often as it contains the greatest common measure of the strengths 
of the whole set. Moreover, if on any flow-line there is a point 
of no flow, the line will intersect itself at this point one or more 
times. Separate flow-lines cannot intersect each other anywhere 
except at a pole. 

Equipotential lines form closed curves which always surround 
one or more poles. At points where the strength of the current 
is nothing, the same equipotential line cuts itself once or oftener ; 
in such cases there is at least one pole within each loop formed 
by the line. Separate equipotential lines never intersect each 
other. 

The method of superposition, by which any system of flow- 
lines or equipotential lines can be drawn, is easily carried out 
by drawing, in rather strong lines on white paper, one of any two 
_ systems that are to be compounded to a resultant system, and 
drawing the other component system on tracing-paper. Placing 
the two drawings one over the other in any required manner, and 
laying a second piece of tracing-paper on the top, the curves 
which pass through the intersections of the two component 
systems can be drawn at once. The resultant system may then, 
if required, be recompounded with one of the components by 
the same process. 

86. The general course of the lines of flow and equipotential 
lines for a few of the simpler cases is shown in Plate V. 

Two equal similar poles (fig. 3).—The equation to the lines of 
flow for this case is 

0 +0,=na, 
which is equivalent to 
x? —y?—2xy cot na at, 

if the straight line through the poles is taken as the axis of z, 
and its middle point as the origin. They are a system of rectan- 
gular hyperbolæ cutting each other at the poles with a constant 
difference of angle (=a). The value na =r gives the two axes, 
the origin where they intersect being a point of no flow. The 
equipotential lines for the same case are a system of lemniscates, 
rirz u, and are identical with the loci of equal flow for two 
equal opposite poles (§ 15). The strength of the current at any 


; i i daa r 
point at adistancer from the origin s=? n and consequently 
1”2 


the loci of constant flow are the same as the equipotential lines 
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for three equal poles—two of the same sign, and one of the oppo- 
site sign halfway between them, as shown in fig. 4. The strength 


of the current on the self-cutting curve is EA For all other 
values of s the curve consists of two separate branches; when s 
is > — one branch encloses each pole; and when s is < >, 
one branch surrounds both poles and the other surrounds 
neither, being within the central loop of the self-cutting curve. 
Each of the loci cuts any straight line through the origin 
harmonically with respect to its intersections with the circle 
r=a. 

Three equal poles.—A especial case coming under this head, 
which admits of some important applications, is that in which 
there are three equal poles in a straight line, one of the outside 
ones being of opposite sign to the other two—for instance, two 
sources A and A’, and one sink C. In this case the flow-line 
given by 01 + 6,—0,=7 consists of two branches, one of which 
is the straight line passing through the poles; while the other isa 
circle whose centre is the sink C (fig. 5), and whose radius C P is a 
mean proportional between the distances from the sink to the two 
sources respectively (or CP= VCA. CA)). If the two sources 
coincide, the systems of lines of flow and equipotential lines 
become what are shown in fig. 6, and the circular branch of the 
flow-line na = passes through the pole of double strength. In 
accordance with what was said above (§ 34), every flow-line of 
the system passes twice through the double source and once 
through the sink. 

Four equal poles.—Four equal poles of the same sign situated 
at the corners of a square give the system of flow-lines repre- 
sented in fig. 7. The two diagonals of the square and the two 
straight lines through the middle point parallel to the sides of 
the square are given equally by the values na = ir and ne=0. 
For na=47 we get a curve of four branches, one of which is 
situated symmetrically in each quadrant. 

A special case of four equal poles, which is important in con- 
sequence of its being susceptible of experimental verification, is 
presented by a combination of two sources and two sinks arranged 
in a manner that may be regarded as a duplication, with inver- 
sion of signs, of the system of three poles shown in fig: 5. Let 
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the pole at C be a sink, those at A and A’ being sources. Let 
two additional sinks be placed at B and B/ (fig. 8), points on 
another straight line through C, and let a source equal to them 
be put at C; then the three poles of this new system would give 
by themselves, as one of their flow-lines, the straight line C B 
and the circle with centre C and radius /CB.CB’. If, how- 
ever, the three new poles be made equal to the three poles of 
the first set, the sink originally at C and the equal source now 
put there will exactly compensate each other, and the combined 
system will be reduced to two sources at A and A! and two sinks 
equal to them at B and B/. If, further, the points B and B be 
taken so that CB. CB CA. CA! CP, the circle of radius CP 


Fig. 8. 


will be a common line of flow in each of the systems due to C, A, 
and A and to C, B, and B/, and will therefore remain a line of 
flow in the resultant system (see fig. 9) due to A, A’, B, and P. 
Moreover, since these four points are placed so that one circle can 
be drawn through them all, it is easy to see that this circle will be 
another flow-line of the resultant system ; for the four poles may 
be grouped in two ways into two pairs of equal opposite poles 
(either A, B and A’, B, or A, B/ and A’, B), each of which 
would separately give this circle as a line of flow. If the straight 
lines AB and A B/ are drawn and produced to their intersection 
at D (fig. 8), a circle drawn about this point as centre with radius 
= /DB.DA= VDB. DA will be an equipotential line com- 
mon to the systems due respectively to the source and sink at 
A and B, and to those at A’ and B/; consequently this circle is 
also an equipotential line of the resultant system due to all four 
poles. Another equipotential line of the resultant system would 
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be the circle (in this case imaginary) drawn with the point of 
intersection of AB! and A'B as centre so as to cut each of these 
straight lines in points harmonically situated with respect to 
their extremitics. 

Again, if four equal poles be taken situated as in the last 
example, but so that poles of the same sign are diagonally oppo- 
site each other—in other words, if the signs of either A and B 
or of A’ and B/ be interchanged, the circle passing through 
the four poles will still be a flow-line of the resultant system, 
but C, as well as D, will now be the centre of an equipotential 
circle, while the imaginary circle will be a line of flow. 

37. Resistance.—Equation (17) gives, for the difference of 
potential of any two points whose respective distances from the 
several poles are 71, re, 13, ., and V, Ve, . the value 


U— Ula [2(Qlogr’) -o 


l r 
= seg = (Q087) 
since, for each pole, there are the corresponding terms Q, log r. 
and Q. log T. If there are altogether K poles, & being of one 
sign and & of the opposite sign, where & is not less than V, 
and if, further, tbey are all of the same strength, the quantity 
of electricity crossing each complete equipotential line in unit 
of time is AQ; consequently the resistance of the portion of the 
sheet iying between the equipotential lines which pass through 
the given points is 
U 1 * 

e (log 7). e a MB) 
This formula is in principle quite general; but the practical 
application of it in actual cases requires that we should know 
the position of the poles from which the distances 7,, 72, . are 
to be measured ; and these cannot be ascertained (or at least not 
by elementary methods), except for comparatively few and simple 
cases ; for although it is comparatively easy to determine the 
equipotential lines for a given set of poles, the inverse problem, 
of finding the distribution of poles required to produce equipo- 
tential lines coinciding with two given curves on the conducting 
sheet, presents in general very great mathematical difficulties, 
and has hitherto received only partial solutions. 
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38. We will give here, in the first place, the approximate 
application of the general formula to the case of two sources and 
two equal sinks at the angles of a quadrilateral inscribed in a 
circle and so placed that unlike poles are diagonally opposite 
each other. This is the arrangement shown in figs. 8 and 9, where 
A and A! may be taken as sources and B and B' as sinks. It is 
evident that the equipotential lines very near the poles will each 
consist of two branches, one of them surrounding one source (or 
sink), and the other surrounding the other source (or sink), and 
also that they will be very approximately circles having the poles 
at their centres. Hence, if the sources and sinks are formed by 
four circular electrodes, whose common radius p is a small frac- 
tion of the distance between any two of them, and if they are so 
placed that the distances of their centres A, A,, B, and B' from 
a fixed point C fulfil the condition CA. CA! CB. CB! (which 
is equivalent to saying that their centres are on the circumference 
of one and the same circle), we may without serious error regard 
the circles of contact between the electrodes and the conducting 
sheet as forming together a pair of equipotential lines due to such 
a distribution of poles as that referred to at the beginning of 
this paragraph. Then, taking points on the circumference of 
the circles round A and B as the points to which the values of 
r and r'in equation (18) respectively refer, we have approximately 

AB)?. AB’. A'B 
= (8 7) bog l 95 A BBD 

and since for the case supposed aad = 2, the resistance of the 

part of the sheet extending between the pair of circles round A 

and A! and the pair round B and B/ ia represented with similar 
— by 

L foe (AB) ?. AB’. A'B 19 

= Faes °8 PAA BB 09 


If a circle be drawn with the centre C and radius 
CP= VCA. CA VCB. CB, 


this circle will coincide, as already pointed out (§ 35), with a 
flow-line of the system due to the combined action of the four 
poles. Consequently no electricity passes into or out of this 
circle; and therefore the whole of the electricity supplied by 
the source A flows to the sink B inside the circle (fig. 9), while the 
whole of what is supplied by the source A’ flows to B' outside 
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the circle. It follows, since the sources A and A were assumed 
of the same strength, that the resistance offered by the part of 
the sheet lying within the circle of radius CP to the flow of elee- 
tricity between the electrodes A and B is the same as the resist- 
ance of the part of the sheet lying outside this circle to the flow 
of electricity between the electrodes A! and B'. Hence also the 
resistance of a disk bounded by the circle in question and con- 
taining the two electrodes A and B is equal to twice the resist- 
ance of the entire sheet to all four poles, and is therefore repre- 


sented by 


1, (AB)*. AB’. AB 


2 

N = 2e s be. A. BR 
which is the formula referred to in & 1 (page 115) as having been 
given by Kirchhoff for the resistance of a circular disk with two 
small eirenlar electrodes anywhere upon it. 

39. As already stated, this formula is only approximate, and 
in certain special cascs it entirely fails. For instance, if one (or 
both) of the poles passes to the edge of the disk, then, in order 
that the circumference may still continue to be a line of flow, 
the second pole of the same sign must coincide with it; conse- 
quently in such a case AA! or BB’, or both, will vanish, and the 
expression for the resistance fails by becoming infinite. The 
reason evidently is that equation (20) was got by assuming p to 
be very small in comparison with any of the distances between 
the poles; and this can no longer be true when any two of them 
coincide. By slightly modifying the notation, we can obtain an 
expression which docs not fail in the same way. Thus, let 
the points to which the values of r,, 7e, . . refer be respec- 
tively a point F where the straight line A B cuts the equipoten- 
tial circle round A, and a point G where the same line cuts the 
equipotential circle round B. Then we have AF=BG=p, and 
the expression for the resistance of the sheet tothe current from 
all four poles becomes 

1 BF.BIF AG. AG 
Tired AF. AF BG. BIG) 
while the resistance of the disk bounded by the circular flow- 
line may be written 


(20) 


R= (19a) 


1 AG. BF. AG. BF 
| et ee = Sac. RES 
R= 2 8 A FW 200% 


In this form the expression for R' admits of extension to some 
N 2 
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special cases. For example, let the pole A pass to the edge of the 
disk, while B goes to the centre; then A! will coincide with A, 
and B/ will go to an infinite distance. We have then sensibly 
AG=BF=A'G= the radius of the disk (=P), also AF =p, and 
the resistance to the flow between the pole at the edge and the 
pole at the centre of the disk becomes 
3 P 

Darn ° log p e. © > © >% oœ (21) 
If both poles go to the edge, A“ coincides with A, and B' with B, 
the system being reduced to two equal opposite poles at a distance 
AG=BF=2a from each other. In accordance with this, the 
resistance of the whole sheet becomes 

1 5 20 

d © p’ 
which is the value already given for the same case in equa- 
tion (8). 

40. If, all else remaining as before, the signs of the poles A’ 
and B/ are interchanged (that is, if A’ becomes a sink and B/ a 
source), the circle drawn with the centre C and radius VCA. CA 
becomes an equipotential line instead of a line of flow, the circle 


with centre D and radius VDB. DA remains an equipotential 
line, and the only circular lines of flow are the circle through the 
four poles and the imaginary circle (§ 36) whose centre is the 
intersection of AB! and A'B. The resistance of the sheet to the 
flow of electricity between this new arrangement of poles is given 
by interchanging in (19a) the signs of the radii vectores drawn 
from A’ and B', whereby we get 
R= 1 tog 0 Br. r. BIG 
$ 4d Pop? AIG. BF '’ 
The equipotential circles with the centres C and D being com- 
mon to the system due to the source at A and sink at A’, and 
also to that due to the sink at B and source at B', and having 
equal but opposite potentials when taken as belonging to either of 
these systems separately, will, in the system due to the four poles, 
form the two branches of the line of zero potential. The other 
equipotential lines of the system due to the four poles con- 
sist also each of them of two branches, both of which never 
lie within the same one of the two circles in question. From 
this it follows that each circle divides the sheet into two equi- 
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resisting portions; and consequently the resistance of each of 


them is Ria} jog A0. BP. AE. NG, 
Imes ` *. AG. F 

41. Since half the lines of flow ae to each pole lie within the 
circle drawn through them all, the resistance of the portion of 
the sheet bounded by this circle is (§ 25) twice the resistance of 
the unlimited sheet; consequently it is equal to R or to R“ 
according to the arrangement of the poles. 

42. It was pointed out in & 38 that the resistance of the part 
of the sheet outside the circular flow-line with centre C, to the 
flow from the source A to the sink B, is the same as the resist- 
ance of the part inside this circle to the flow from A to B. 
Accordingly the value of equation (20) remains unaltered when 
A' and B/ are put for A and B, and vice versd, and at the same 

37 
time p? (or p,p,) is replaced by p, Ppp = 5A. . The 
circles round the two sources then coincide approximately with 
the two branches of a single equipotential line; andthe same is 
true for those surrounding the sinks. 

Similar remarks are applicable to equation (22). 

Experimental verifications of some of the conclusions here 
arrived at will be given in Part II. of this communication. 


(22 


XVI. The Electrolysis of certain Metallic Chlorides. By J. H. 
GLADSTONE, PR. D., F. R. S., Fullerian Professor of Chemistry 
in the Royal Institution, and ALT RED TRIBE, F. C. S., Lecturer 
on Chemistry in Dulwich College. 


We have previously shown that nitrate of copper brougbt 
into tension by silver and copper in conjunction is decom- 
posed by free oxygen in solution f. Thinking that chlorine 


* It may be noted that by adding together the values of R and R“ we 


1 AG.BF\ |. . f 
get 7d Jog („ a) „which, written in the simpler form 
o 
=. log AB 
ed p 


is the resistance of a circular disk on whose edge the poles A and B are 


placed (see equation 13). 
+ Proc. Roy. Soc. vol. xx. p. 290. 
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might be substituted for oxygen, we commenced some experi- 
nients, employing chloride of copper, and observed some facts 
which seemed to have an interest from their bearing on the 
causation of galvanic action. 

It is known that if metallic copper be placed in a solution of 
cupric chloride, it will slowly become covered with a crystalline 
deposit of the insoluble cuprous chloride: 

Cu+CuCl,=2CuCl. 

We found that when metallic copper and platinum are con- 
nected by a wire and immersed in cupric chloride, the insoluble 
salt forms not only upon the copper, but also on the platinum 
plate, as a white crystalline body. This deposit may generally 
be observed in about two minutes when the plates are three 
quarters of an inch apart. The formation of cuprous chloride 
upon the platinum plate takes place about equally rapidly in 
solutions containing 2°5 or 10 per cent. of salt. With a 20 per 
cent. solution the deposit was smaller, and with 40 per cent. 
practically nil, although there was abundant formation of cu- 
prous chloride upon the copper plate. 

We satisfied ourselves that the action took place equally well 
in solutions from which oxygen had been rigidly excluded, and 
also that a current passed from the copper to the platinum 
through the liquid—that is, from the metal of bigher to that of 
lower potential. 

In order to test whether this electrolysis of cupric chloride into 
CuCl and Cl could be effected by weak currents ab eztra, we tried 
the effect of a zinc-platinum cell excited by common water and 
with platinum electrodes, and found that cuprous chloride depo- 
sited upon the negative electrode and chlorine at the positive, a 
little of which entered into combination with the platinum, but 
the greater part passed into the liquid. A cell excited with 
dilute sulphuric acid acted in asimilar manner. A single Grove’s 
cell gave for the first two or three minutes cuprous chloride on 
the negative platinum electrode, but afterwards metallic copper, 
while chlorine always formed at the positive plate. 

As zinc immersed in a salt of copper is capable of throwing 
down that metal, an experiment was tried with plates of zine and 
platinum in connexion immersed in the chloride; the result was 
a more energetic action than with a copper-platinum couple simi- 
larly arranged, and besides a thick coat of cuprous chloride the 
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edges of the platinum were incrusted with metallic copper. A 
similar magnesium- platinum couple gave a similar result, but 
with a decidedly greater proportion of metallic copper. i 

As there are two chlorides of mercury, similar to the two chlo- 
ndes of copper, analogous experiments were tried with solution 
of corrosive sublimate. | 

A small bell-jar which terminated in a corked orifice was in- 
verted and partly filled with mercury, over which was poured a 
solution of mercuric chloride; a wire passed from the mercury 
through the cork to a plate of platinum which hung in the solu- 
tion, withoat, however, touching the mercury. On pouring the 
mercuric chloride upon the mercury, the metallic surface was at 
once dimmed by a film of mercurous chloride, which increased in 
quantity; and in the course of an hour or two the insoluble chlo- 
tide appeared also on the platinum plate, and in twenty-four 
hours it was sufficiently thick to permit of its removal. On repeat- 
ing this experiment with gold instead of platinum, the same mer- 
curous chloride was deposited; but at the same time the gold 
plate was amalgamated, showing that the reduction of the mer- 
curic chloride had not stopped at the first stage, but had actu- 
ally proceeded to the separation of the metal itself. A similar 
gold plate immersed in the same solution of corrosive sublimate, 
but not in connexion with the mercury, showed no trace of de- 
posit or amalgamation ; and it was ascertained that gold alone has 
no power of decomposing moistened mercurous chloride. 

An experiment was made with a current ab extra. A cell of 
Grove’s was found to decompose mercuric chloride with the for- 
mation of the mercurous compound at the negative platinuin 
electrode, while chlorine was given off at the positive one. This 
is in unison with what was found in the case of the copper salts. 

That this action does not depend on the insolubility of the 
-ous chlorides was proved by the behaviour of the iron salts. 
Ordinary metallic iron is capable of reducing the ferric to the fer- 
rous salt at the common temperature; thus :— 

2 FeCl, + Fe=3 FeCl. 
Platinum does not effect such a reduction; but when the iron is 
connected with platinum the change takes place more rapidly, 
and the reduced salt forms also on the negative metal. This, of 
course, does not render itself evident by any deposit, nor by any 
appreciable change of colour at first; but if the platinum plate 
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be lifted out of the solution, and the liquid clinging to it be 
allowed to drain on to a paper moistened with some ferridcyanide 
of potassium, Turnbull’s blue is the result. Or if a few drops 
of the ferridcyanide be mixed with the solution of the ferric chlo- 
ride, on the junction of the iron and platinum the blue colour 
makes its appearance against each metal. Of course care was 
taken that the original salt contained no acid. The solution 
employed was one of 3:5 per cent. in strength. 

If plates of magnesium and platinum be immersed in ferric 
chloride, metallic iron quickly makes its appearance on the pla- 
tinum plate. 

With a weak external battery and platinum electrodes the salt 
was resolved into chlorine and ferrous chloride, but with a 
strong battery into chlorine and iron—thus affording another 
instance of the close analogy between the primary electrolysis 
produced in the cell itself, and the secondary electrolysis that 
may be produced by an external battery. 


May 22, 1875. 
XVII. A new Polariscope. By Professor W. G. Apams. 


In devising this instrument, the principal objects in view have 
been :— | h 

(1) To obtain an extensive field of view. 

(2) To afford a means of measuring the rings and the angles 
between the optic axes of biaxal crystals. 

(3) To have a means of immersing the crystal in a liquid in 
those cases in which the optic axes are too far apart to be seen 
in air. 

These advantages have been obtained by modifying the posi- 
tions and focal lengths of the lenses usually employed in table 
polariscopes, so that the rings of a crystal are best seen when 
there is a space of 1} inch between the two lenses, one on either 
side of the crystal. Into this space is introduced a central piece, 
consisting of a circular box with deep plano-convex lenses fixed, 
one in the bottom and the other in the top of the box, in such a 
position that their curved surfaces have a common centre of cur- 
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vature, with their flat faces turned towards one another and en- 
closing the crystal between them. The box can turn about an 
axis passing through the common centre of curvature. 


The form and position of Mirror and Lenses for the Polariscope. 


A is a concave mirror about 14 inch in diameter, such as is 
ordinarily employed for illuminating microscopes, and mounted 
in the same manner. A double-concave lens, B, 1 inch in dia- 
meter, is placed so as to have its focus at the same point as the 
principal focus of the mirror. The rays coming from the mirror 
will then be parallel after passing through the lens. To dimi- 
nish aberration as much as possible, the radius of curvature of 
the first face of the lens should be about six times the radius of 
its second face. The parallel rays then fall on a tourmaline or 
other polarizer, C, the diameter of which should be nearly equal 
to that of the lens. They then fall on a double-convex crossed 
lens D, the first face of the lens having the. greatest curvature, 
so as to diminish the aberration as much as possible. This lens 
is 1 inch in diameter and 14 inch focal length. 

At a distance of } of an inch from this lens is placed a convexo- 
plane lens E, # of an inch in diameter and 1 inch focal length. 

These three lenses, B, D, and E, may be fixed in the same 
piece ; and with the above arrangement, rays which are parallel 
before falling on the mirror will be brought to a focus at a distance 
of half an inch on the outside of the last lens E. The rays then 
fall on the central piece MN, consisting of two plano-convex 
lenses, which are nearly hemispheres, enclosing the crystal be- 
tween them. The first of these lenses, M, is 5 millims. in thick- 
ness, and the radius of its spherical surface is 6°4 millims., or 
4 of an inch; the other lens, N, is 7 millims. in thickness, and 
the radius of its spherical surface is 9°6 millims., or # of an inch; 
and they should be so placed that the two centres of curvature 
are accurately at the same point O. The distance between them 
will then be 4 millims., which is very nearly the thickness of 
most specimens of crystals. If lenscs with the same curvatures 
but of thicknesses 4} and 6} millims. respectively be used in 
place of M and N, there will be a breadth of 5 millims. between 
them when they are in the best position. This central piece 
should be so placed that O, the centre of curvature of the two 
curved surfaces of the lenses, coincides with the focus to which 
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the rays converge after they come out of the first system of 
lenses, The rays will then pass through this central piece with- 
out having their direction altered, since the crystal will refract 
the light nearly tu the same extent as glass, and the light will 
pass nearly as if it passed through the centre of a sphere of glass. 

After passing through this central piece, the rays diverge from 
the common centre of curvature and fall on a plano-convex lens, 
F, 1 inch in diameter, and placed about g of an inch from the 
common centre of curvature. Its focal length should be 1} inch. 
At a distance of half an inch from this lens is another lens, G, 1$ 
inch in diameter and 14 inch focus, so as to make the rays again 
parallel. Then at a distance of 3 inches is placed a lens, H, 
whose focal length is rather less than 3 inches and whose dia- 
meter is 14 inch; and above this the Nicol’s prism, K L, with 
any other apparatus, such as the beautiful arrangements of Mr. 
Spottiswoode fur showing the effects of quartz and other crystals 
on polarized light.. At the principal focus of the last lens, H, 
should be placed crossed spider-lines; and for accurate mea- 
surement a simple lens or eyepiece should be added above the 
Nicol’s prism. 

The object of receiving the light from the mirror on a double- 
concave lens is to avoid aberration and the consequent loss of 
light; but this involves the use of a large piece of tourmaline. 
The difficulty is got over in existing polariscopes by employing 
two convex lenses, causing the rays to cross the axis very near 
the polarizing tourmaline, and then making them parallel by 
means of a second convex lens. The central piece may be added 
to any polariscope provided there is sufficient room between the 
two systems of lenses to admit the crystal and two lenses, M, N, 
and to allow of motion about the axis through the common 
centre of curvature of the surfaces of these two lenses. The two 
parts, BC D E and FG H, should be so arranged that when the 
crystal alone is placed at O the rings are best seen; then the 
crystal should be placed in the box between the two lenses M 
and N in the bottom and in the cover of the box. This box 
should be supported on two wires, P and Q, forming an axis 
passing through O, and should be large enough to contain the 
cork in which the crystal is placed. The axis is supported 
in a brass tube, which forms one piece with another brass tube 
which fits on the piece BC DE. A semicircular disk of brass 
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with its arc graduated is fixed on the large brass tube about 
the axis P as a centre; and on this axis is au index for read- 
ing- off the angle through which the axis is turned. On turn- 
ing the box about the axis, no change is produced in the rays 
which pass through the centre O of the curved surfaces of the 
lenses ; but when a crystal is introduced, the rays may be sent 
through it in any desired direction on turning the axis, so that 
either of the optic axes of a biaxal crystal may be brought into 
the centre of the field. Thus the angle between the optic axes 
may be measured. The central piece M N is made in the form 
of a box, so that a liquid may be introduced into it for mea- 
surements in those cases in which the optic axes are too far apart 
to be seen in air. 

The advantages to be obtained by the use of this central piece 
are :— 

(1) The extension of the field of view. If the angle in air cor- 
responding to the field of view is 74° without the central piece, 
then the angle will be increased to about 128° when the central 
piece is introduced, the central piece giving the same angle in 
glass that is given without it in air. The field of view may be 
made to include both optic axes of topaz of Brazil. 

(2) When the plane containing the optic axes is at right 
angles to the axis P Q, either of the optic axes of a biaxal crystal 
or any ring may be brought into the centre of the field of view 
where the spider-lines cross one another, and the angles between 
them accurately measured. Instead of employing a lens for an 
eyepiece, the centre of the field may be determined by fixing 
crossed spider-lines at a point halfway between the lenses D 
and E. These lines will be brought to a focus by the system of 
lenses E, M, N, F, and G at a distance to the right of G equal to 
about one tenth of an inch; and at this focus another set of 
crossed spider- lines should be placed, so that the two sides may 
by their coincidence determine the centre of the field of view. 
The spider-lines should be in the focus of the Jens H, so that 
they may be seen on looking through the Nicol’s prism. 
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XVIII. An Experiment for showing the Electric Conductivity of 
various forms of Carbon. By H. Bavermay, F. G. S. 


Tae following simple method of exhibiting the conducting- 
power of carbon was brought to my notice by my friend 
Mr. W. J. Ward, of the Metallurgical Laboratory of the Royal 
School of Mines, as having been shown to him several years 
since by Dr. von Kobell, of Munich. As I have not found any 
account of it published, I have ventured to bring it before this 
Society. 

A fragment of the substance to be tested, whether charcoal, 
coke, anthracite, or other form of carbon, is held between the 
jaws of a pair of tongs formed by bending a strip of sheet zinc 
into a horseshoe form, and immersed in a solution of cupric sul- 
phate. If the carbon is a non-conductor, the copper salt is de- 
composed, and deposit of copper only takes place on the immersed 
surface of the zinc; but when it possesscs a high degree of con- 
ductivity a zinc-carbon couple is formed, and deposit of copper 
takes place on the surface of the carbon as in ordinary electro- 
typing. 

Of the different forms of carbon experimented upon, the most 
rapid results have been obtained with some American anthracites, 
and coals that have been subjected to the action of intruded 
igneous rocks. The most remarkable of these is an anthracite 
from Peru, which contains a large amount of sulpbur in organic 
combination, and is found in a nearly vertical position, interstra- 
tified in quartzite, in the high plateau of the Andes, about 13,000 
feet above the sea-level, near Truxillo. It is probably of secondary 
age, the metamorphism having taken place at the time of the 
great trachytic outbursts which form the gold- and silver- bearing 
rocks of the adjacent mining-district.. This is coppered by im- 
mersion almost as readily as graphite. The anthracite of Penn- 
sylvania possesses the same property, but not in quite such a 
high degree. The Heathen coal of South Staffordshire, when 
altered by the intrusion of the “white-rock ” trap, is more slowly 
coppered ; but this is probably due to the resistance interposed 
by the numerous lamine of calcite filling the fractures in the 
mass of the coal, which renders the conductivity less perfect. 
A specimen of coal from Bengal, altered in the same manner by in- 
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trusion of igneous rock, behaves much in the same way as coke, 
being coppered directly. This is rather remarkable, as this coal 
is a very impure one, and contains such a large quantity of water 
very intimately combined, probably as a hydrated silicate inter- 
spersed through the mass, as to decrepitate explosively when 
suddenly heated. 

The ordinary Welsh anthracite does not appear to be a con- 
ductor by this method; but after having been heated to a full 
red heat it conducts electricity freely. The lowest temperature 
at which this change takes place appears to be somewhere be- 
tween the melting-points of zinc (430° C.) and silver (1000°C.), 
as fragments of anthracite packed in a thin clay crucible and 
plunged into molten zinc were not found to be altered, but were 
changed when heated in a bath of melted silver. These limits, 
although considerably wide apart, are interesting as giving. a 
possible clue to the temperature at which anthracitic metamor- 
phism of coals has been effected in different districts. Mr.W.C. 
Roberts has recently shown that the alloys of silver and copper 
have very definite melting-points; it will be possible therefore 
to determine more nearly the lowest temperature necessary to 
produce the change. 

In the South Wales anthracite district it is well known that 
no great amount of disturbance has taken place in the position 
of the coal-seams, while in North America and Peru the change 
has been accompanied with much more violent action, as evi- 
denced by the greater disturbance of the rocks; and probably a 
correspondingly higher degree of heat was developed in the mass. 
The evidence afforded by the coals that have been actually 
altered by intruded rocks, and must have been highly heated, 
appears to bear out this view. On the other hand, long-con- 
tinued exposure to a Jower temperature might possibly produce 
the same effect, and further experiments upon this point would 
be desirable. 
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XIX. On an Apparatus to illustrate the Formation of Volcanic _ 
Cones. By C. J. Woopwarp, B. Sc. 


A sHorT time ago I spent some weeks in Central France, 
and had many opportunities of studying the character of the 
volcanic cones which are so abundant in that district. The 
many sections of these cones that may be seen at Graveneire 
and other places, where the scoriæ is obtained for industrial pur- 
poses, show their structure clearly, and one can realize the 
truth and simplicity of the theory accounting for their forma- 
tion. The theory is so obviously correct that it has not, so far 
as I know, been subjected to experiment ona small scale. The 
object of this paper is to describe an apparatus that may be used 
in the lecture-room to build up model cones and craters. 

Soon after my return I tried an experiment at some Iron-works 
to make such a cone. A large sheet of iron with a hole in the 
centre was placed over a pipe proceeding from the blast. A 
quantity of cinders and ashes were supplied to the pipe, and in a 
short time a cone was built up. For the purpose of lecture-illus- 
tration the apparatus about to be described is convenient, and 
shows very clearly the formation of volcanic cones. It consists 
of a wooden trough about 18 inches long, with sloping sides; at 
the bottom of the trough there is a bladed screw to carry forward 
the ashes, sawdust, or other material used, to an opening through 
which air from a powerful bellows is forced upward in a vertical 
stream. A board 3 or 4 feet square with a hole in the centre is 
placed over the air-jet, so that on turning the screw the sawdust 
is carried into the stream of air; itis then thrown vertically up- 
ward through the hole in the upper board, and on falling down 
builds up a cone having many of the peculiarities of a natural 
one. Thus, the angle of slope is almost identical; the sorting 
of materials is similar, the heaviest portions being near the 
crater, while the finer particles and dust are carried to a great 
distance. If, while the miniature eruption is going on, the oxy- 
hydrogen light be directed horizontally on to the cone, it will be 
seen that the dust is carried to a distance of many feet. Using 
alternately sawdust of different colours, the structure of the cone 
is well seen on making a section of it. This is easily done by 
cutting vertically through the cone with a sheet of cardboard 
and sweeping off one half of the mound into a tray. If the jet 
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of air be vertical and the air of the room is still, the lip of the 
crater is horizontal; but if the apparatus be near the door or 
where there is a draught, the materials are carried to one side, 
and the cone is built up much higher on one side than the other. 
The same thing, of course, will occur if the jet is not vertical ; 
and as from accidental circumstances the jet frequently changes 
its direction, a considerable variety of cones is sure to be obtained 
in a series of experiments. 


Birmingham, May 15, 1875. 


June 26, 1875. 


XX. On a New Furm of Micrometer for use in Spectroscopic 
Analysis. By W. M. Watts, D. Sc., Phystcal-Science Master 
in the Giggleswick Grammar School. 


In determining the position of lines in a spectrum by the use 
of a micrometer-eyepiece or divided arc, it is often difficult 
to see the cross-wires distinctly without admitting extraneous 
light, which with faint spectra frequently cannot be done. I 
have sought to overcome this difficulty by substituting some one 
known line of the spectrum itself for the cross-wires, and thus to 
measure the position of unknown lines, by bringing this index- 
line successively into coincidence with them. Thus, for example, 
the sodium-line (which is present in nearly every spectrum 
whether it is wanted or not) may be made to move along under 
the spectrum, and the displacement necessary to make it coin- 
cide with the lines to be measured may be determined by the 
readings of a micrometer-screw. To accomplish this a convex 
lens of about 2 feet focus is placed in front of the prism of the 
spectroscope, between the prism and the observing-telescope, and 
is divided along a line at right angles to the refracting edge of 
the prism. One half of the lens is fixed; the other half is made 
to slide over it by means of a micrometer-screw. When the 
movable half of the lens is in its normal position, the only effect 
is to alter the focus of the telescope slightly; but when it is 
made to slide over the fixed half, the refraction of the prism is 
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increased or diminished, half of the spectrum appears to move 


over the other half, and the sodium-line, or any other con- 
venient line of reference, can be brought into coincidence with 
the lines to be measured. 

The figure represents the micrometer as applied to a direct- 
vision spectroscope of Browning. aand b are the two strips 
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cut from a lens of about 2 feet focus, placed in front of the com- 

pound prism contained in the body c. Of these a is fixed; but 

b can be made to slide over a by means of a screw d; and the 

displacement is measured by means of the graduated head e 

and the counter f. 
In order to reduce the indications of this instrument to wave- 

lengths, I have constructed a series of interpolation-curves from 
VOL 1. 0 
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to see the cross-wires distinctly without admitting extraneous 
light, which with faint spectra frequently cannot be done. I 
have sought to overcome this difficulty by substituting some one 
known line of the spectrum itself for the cross-wires, and thus to 
measure the position of unknown lines, by bringing this index- 
line successively into coincidence with them. Thus, for example, 
the sodium-line (which is present in nearly every spectrum 
whether it is wanted or not) may be made to move along under 
the spectrum, and the displacement necessary to make it coin- 
cide with the lines to be measured may be determined by the 
readings of a micrometer-screw. To accomplish this a convex 
lens of about 2 feet focus is placed in front of the prism of the 
spectroscope, between the prism and the observing-telescope, and 
is divided along a line at right angles to the refracting edge of 
the prism. Onc half of the lens is fixed; the other half is made 
to slide over it by means of a micrometer-screw. When the 
movable half of the lens is in its normal position, the only effect 
is to alter the focus of the telescope slightly; but when it is 
made to slide over the fixed half, the refraction of the prism is 
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increased or diminished, half of the spectrum appears to move 
over the other half, and the sodium-line, or any other con- 
venient line of reference, can be brought into coincidence with 
the lines to be measured. 

The figure represents the micrometer as applied to a direct- 
vision spectroscope of Browning. a and b are the two strips 
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cut from a lens of about 2 feet focus, placed in front of the com- 

pound prism contained in the body c. Of these a is fixed; but 

b can be made to slide over a by means of a screw d; and the 

displacement is measured by means of the graduated head e 

and the counter f. ö 
In order to reduce the indications of this instrument to wave- 

lengths, I have constructed a series of interpolation-curves from 
VOL I. 0 
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the data obtained by careful observation of the solar spectrum. 
One of these curves is for use when the sodium-line (Di 5889) 
is employed as the reference-line, another when the Fraunhofer 
line 6 (515183) is used, and so on. For use with terrestrial 
spectra of bright lines, the lithium-, sodium-, and thallium-lines, 
the hydrogen-lines obtained from a vacuum-tube, or for faint 
spectra the carbon- lines obtained from a Bunsen burner, furnish 
convenient reference-lines in sufficient number. The curves are 
drawn on such a scale that a difference in wave-length of 100 
tenth-metres* is represented by four inches, and one turn of the 
micrometer-screw is represented by one inch. 

It requires 21:91 turns of the screw to bring the sodium-line 
(5892) into coincidence with the thallium-line (5349). The 
interpolation-curves are very regular and of slight curvature. 
In fact the readings of this micrometer may be treated in exactly 
the same way as the readings obtained by means of a graduated 
arc or bifilar eyepiece, or any of the other forms of measuring- 
apparatus. 

Within the limits allowed by the construction of the instru- 
ment, the displacements measured by the micrometer-screw ne- 
cessary to bring a given reference-line into coincidence with other 
lines to be measured are proportional to the angles between these 
lines and the reference-line as they would be obtained by a 
telescope moving over a graduated are. The extreme displace- 
ment of which the upper half of the lens is capable is 0°69 of an 
inch ; and assuming a refractive index of 1°5 for the glass of 
which the lens is made, the radius of its surface is 23 inches. 
The deviation of a ray of light passing through the lens in its 
extreme position is thus that due to a prism of refracting angle 
0:69 
23°00 ’ 
If, now, we calculate the minimum deviation which a ray of light 
suffers in passing through the lens at points whose distances 
irom the axis of the lens are represented by 0°01, 0°02, and 
0:03 respectively, we obtain angles very nearly in the ratio of 
these numbers. 

The following numbers show the deviation suffered by a ray 


2 sin that is, about twice the angle whose sine is 0°03. 


1 10 
* A tenth-metre is (m of a metre, or the ten-millionth of a milli- 


metre. 


FOR USE IN SPECTROSCOPIC ANALYSIS. 168 


of light in passing through a glass prism (~#=1°5) of varying 
angle :— 


_ Angle of prism. Deviation. 
2sin-'0-01 6 34 28 
2 sin—) 0:02 1 8 46 
2 sin 0:03 1 43 12 


The angles 0° 3 . 1° 8! 46", 1° 43' 9” would be as the 
numbers 1, 2, 3. 


I add the results of a few measurements made with the new 
micrometer, designed to test the accuracy of which it is capable. 
Twenty different readings of the point at which there is coinci- 
dence of the lenses gave the following results :— 


8:36 829 825 8:32 836 8:34 838 8:37 8:34 837 
Mean 8:35 

8°37 8°41 8:26 8:28 8'31 8'35 8:21 835 8:38 8:35 
Mean 8°33 


To bring the sodium-line into coincidence with the thallium- 
line the following displacements were necessary :— 


21:90 21:90 21°89 21:90 Mean 21:90 
21°92 21:93 21:94 21°88 Mean 21:92 


I have generally taken the mean of four readings as giving 
the true position of a line. 

The light emitted by burning magnesium examined with the 
spectroscope shows, besides the bright lines corresponding to ö, 
a series of bands nearer to F. I had measured the wave-lengths 
of these bands with the greatest accuracy I could attain by the 
use of Browniag's 6-prism automatic spectroscope in conjunction 
with a bifilar micrometer-eyepiece. The reference-lines employed 
were the bright lines of the spark due to zinc, cadmium, iron, 
and air, and certain Fraunhofer lines. The following results 
were obtained for the first and second bands :— 


First band. 5006°5 from Fraunhofer lines, 
5009°0 from zinc-line 4924 

beaks 5002 

5008-0 from air-lines { 5005 

5006°5 from Fraunhofer lines. 
. 5002 

5007°7 from air-lines ee 


02 
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Second band. 49950 from Fraunhofer lines. 


at un 5002 
4997-0 from air-lines 5005 
. 5002 

4997°4 f -] 
97:4 from air-lines 117555 


The numbers finally adopted are given below for the whole 
nine bands; and with them are compared the results recently 
obtained with the new micrometer. The reference-line employed 
for these last measurements was the bright line corresponding 
to b present in the same spectrum. 


Wave-lengths of Lines of Magnesium Oxide. 


Automatic spectroscope Direct-vision spectroscope 
with micrometer-eyepiece. with new micrometer. 


5007 . . „ 50060 

4997 . ... . . 49900 

49888 . . . 49855 

4975 ww 2 49745 

4968. . . 49635 

4948. . 49485 
493444444. . 4934 
* 49188. 43924 
4914 


Each of these results is the mean of five readings. A re- mea- 
surement of the first two bands by displacement of the lines in 
the opposite direction gave 5006°2 and 4996-1. 

To test the capabilities of the new micrometer on faint spectra, 
two determinations were made of the wave-length of a line in 
the oxide-of-carbon spectrum given by a vacuum-tube enclosing 
coal-gas. The wave-length of this line I found before by mea- 
surement with a three-prism instrument to be 5195. It was 
obtained very faintly by a feeble discharge through the tube, 
and was measured by using as reference-line the lines given by 


a Bunsen flame. 

Two successive determinations (each the mean of four read- 
ings) gave 5196 and 5196. 

The advantages of the new form of micrometer seem to be 
(1) great precision in results, (2) convenience in use. My thanks 
are due to Mr. Browning for the skill with which he carried out 
my wishes in the construction of the instrument. 
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XXI. On a new Form of Lynamo- Magneto-Electrie Machine. 
By S. C. TisLEV. 


Ix the ſirst machines constructed by Siemens and Wheatstone 
in 1867 (see Royal Society’s Transactions) the power of aug- 
menting the magnetism by successive currents developed from 
the original residual magnetism contained in the iron, was fully 
demonstrated, and it was shown that the power of the machine 
could thereby be increased to a great extent; but the only 
means of obtaining external work was by the insertion in the 
circuit of a magnet or coil so that the secondary discharge 
could be utilized. Sir Charles Wheatstone also showed that 
a great part of the current could be shunted through a platinum 
wire, care being taken that the resistance of the platinum wire 
was sufficient to compel a large portion of the current to pass 
round the electromagnet. In the same year the writer designed 
a machine in which two separate armatures were employed, one 
for magnetizing the machine, the other for external work. From 
this machine very good results were obtained. 

The machine now about to be described is a still further mo- 
dification, in which the gréatest amount of simplicity and effec- 
tive power are combined. 

The apparatus consists essentially of an electromagnet with 
shoes, forming a groove in which a Siemens armature is made to 
revolve : this is much the same as the original machines made 
by Siemens and Wheatstone; but there is a difference in the 
break or commutator, from which the currents are conducted by 
means of two springs or rubbers. It consists of three rings; 
one of these rings is complete for three quarters of the circle, 
the other quarter being cut away; another ring is cut away 
three quarters, leaving the one quarter. Between these two 
rings is a third ring insulated and connected with the insu- 
lated end of the wire wound round the armature; on this 
centre ring are projecting pieces, one a quarter of a circle and 
the other three quarters, so arranged as to complete the two 
outer circles. The rubber spring which comes in contact with 
the quarter of the middle ring is connected with the electro- 
magnet of the machine, and the armature is so arranged that 
at the time of coutact the best magnetizing current is developed. 
The other spring rubber is in connexion with the wire on the 
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armature during the other three quarters of its revolution ; and 
this is connected with any external piece of apparatus to be 
worked. 


Joia 


DN 
* xa | 


1 
af sa. 


By this arrangement, the alternate currents being utilized, 
they are all in the same direction; and owing to the length of 
contact the whole of the current is obtained in the best con- 
dition for heating wires, decomposing water, giving an electric 
light, &c. 

At present only a model machine has been constructed on this 
principle, the armature, on which is wound about 50 feet of 
cotton-covered copper wire, No. 16, B. W. G., measureing 5 
inches in length and 2 inches in external diameter. The magnet 
is formed with about 300 feet of covered copper wire, No. 14, 
B. W. G.; and the whole instrument, without the driving-gear, 
weighs 26 lbs.; with this apparatus 8 inches of platinum wire, 
.005, can be made red-hot, water can be rapidly decomposed, &c. 

The armature is specially constructed so as to prevent the accu- 
mulation of heat, a fault to which every class of dynamo-magneto- 
electric machine is liable. It is made in two halves, a groove of 
a zigzag form being cast in each half, so that when the two are 
screwed together a continuous channel is maintained through 
the bearings for a current of cold water to pass during the whole 
time the machine is at work. 
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The advantages secured by these arrangements are extreme 
simplicity, and a small number of parts, only one armature and 
one wire being used. 

The prineiple of utilizing the alternate currents is also appli- 
cable to machines constructed with multiple armatures; and the 
economy thereby resulting would prove of great advantage, as 
the power of the machine could be varied by throwing into the 
electromagnets either every other current, or every fourth, sixth, 
or eighth current, according to the strength required in the 
machine, the whole of the other currents being utilized for the 
electric light or otherwise. 


XXII. On Statwnary Liquid Waves. 
By FREDERICK GUTHRIE. 


Tue following numerical results of experiments may be of use 
in the further study of wave-motion. They refer to stationary 
waves mainly, and include those of circular and those of rect- 
angular troughs. The guiding idea was:—to deduce the 
velocity of wave-progression under different conditions from the 
frequency of recurrence of a given phase in the same place, in a 
manner similar to that employed in the measurement of the velo- 
city of a sound-wave through a solid by the pitch of the note 
when a certain length of the solid vibrates longitudinally; and, 
by making use of reflection, to bring into a compact form for 
study the effects of wave- progression. 


Circular Troughs. 


§ 1. The first condition of motion examined in circular troughs 
is that which I shall call binodal. This motion can be easily set 
up in a cylindrical trough of water if it be not much less than 
9 inches in diameter, nor the water much less than 6 inches 
deep. The bottom of au empty beaker glass serves well to ge- 
nerate the waves, on account of its buoyancy. This is placed on 
the centre of the water, and moved down and up at a rate de- 
pendent upon the diameter of the vessel. The motion of the 
water soon guides the hand, and, being judiciously humoured, 
establishes itself and continues for many minutes with great 
regularity. The number of times in one or more minutes that 


168 FREDERICK GUTHRIE ON STATIONARY LIQUID WAVES. 


the crest appears in the middle may be easily counted if the re- 
flection of a window-sash is seen obliquely on the liquid surface. 

§ 2. Influence of amplitude — Before examining the influence 
of diameter (which with stationary waves amounts to an exami- 
nation of the influence of wave-length), a brief examination of 
the influence of Depth, Temperature, Density, and Amplitude 
had to be undertaken, to determine at all events the margin of 
variation admissible without vitiation of the result. The ampli- 
tude was measured by standing a brass wire graduated in milli- 
metres, and fastened to a leaden foot, in various ee of the 
trough after the wave-system was established. 

§ 3. A cylindrical vessel, B, of tin plate had ihe: mean dia- 
meter 456 millims. (It was slightly elliptical, 455, 457 millims.) 
The depth of the water in it was 290 millims., and its tem perature 
16°C. Being set in binodal motion, the gauge was put in and 
the amplitude allowed to subside to 30 millims. at the centre. 


In the Ist minute 122 recurrences were counted. 
LL 2nd 33 122˙5 3) LL 
EL 3rd LL 122 33 LL 


There was an interval of 10” between the Ist and 2nd minute, 
and an interval of 15” between the 2nd and-3rd minute. The 
amplitude of motion at the centre had now sunk to less than 1 
millim. This shows that in this system amplitude or wave- 
height is without sensible influence. This is confirmed by the 
rault of the following experiment, in which the initial anpli- 
tude at the centre was 8 11 30 millims., and in which the num- 
ber ot pulsations made in 4 was counted in four experiments. 


(1) Amplitude at first at centre 30 millims. ; in 4/ there were 490 


(2) 33 39 9) ” 489-5 
(3) 23 39 ” ” l 489:5 
(4) LL 33 2) 33 489 


or B. mean in 1'=1224. 


§ 4. Effect of Temperature.—The water in vessel B was now 
heated to 41° C., or through 25° C. It had the same depth as 
before. The following three observations were made :— 


(1) In 3' there were 367 pulsations. 
(2) „ „ 366 „ 
(3) In 3 25” „ 420 g 
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which gives for 1! the mean number 122˙4, precisely the same 
result as for T= 10°. Temperature, therefore, has no appreciable 
influence, and its variation may be neglected. 

$ 5. Effect of Depth.—For the examination of this influence 
the vessel B was again employed. The maximum amplitude at 
the centre was in all cases, at the beginning, about 30 millims. 


Number of ! 


Depth. ‘ Time. | pulsations | n. 


l 
| counted. 


At a depth of 30 millims. no fundamental undulations could 
be preserved. ln order to see whether the effect of shallowness 
took most effect on waves of larger or smaller amplitude, the 
depth 70 millims. was restored and an initial central ampli- 
tude of 30 millims. was given. In the first minute 113 were 
counted; after a lapse of 10” the same number 113 were counted 
in the second minute. A second experiment, in which the in- 
terval between the two minutes was 15”, gave for both minutes 
exactly the same number 113. The general conclusions to be 
drawn from these results appear to be that the normal rate of 
pulsation is not reached unless there be at least a depth of about 
130 to 170 millims. (say 6 inches), and that the effect of shal- 
lowness is as great on small ason largeramplitudes. No doubt 
the diminution in rate is due to the increased drag upon the 
bottom of the vessel. It is at about this depth that the to-and- 
fro motion of the particles at the bottom of the vessel ceases to 
be sensible. 

But the examination of thé effect of depth is not complete 
unless we know whether that effect is a function of the diameter 
or wave-length. Accordingly a circular vessel D was taken of 
the diameter 314 millims., with the following result :— 
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Number of a 
Depth of water.] pulsat'ons in Mean n. | 
1 minute. nnd 
millim. | 
150 149, 149, 149 149 
130 149, 149, 148 148·7 | 
120 by interpolation 1479 
110 147, 147, 147 147 | 
100 by interpolation 146-9 J 
90 145, 145, 145 145:7 
80 143, 143, 143 143 
70 142, 142, 142 142 
60 139, 139, 139 139 
50 134, 134. 134 1340¾ 
40 126, 125, 126 125.7 


It appears, then, that in the vessel D, whose diameter is 314 
millims., the effect of the shallowness begins to be felt at rather 
lesser depths than is the case in the wider troughs. At depths 
of 30 millims. and under, the fundamental system cannot maintain 
itself. 

§ 6. Effect of variation in chemical nalure.— A cylindrical ves- 
sel, which I shall call D, had the diameter of 321 millims. It 
was filled to a depth of 80 millims. with methylated spirit. This 
gave in each of three experiments 143 pulsations per minute. 
Water of the same depth gave also exactly 143. We may con- 
clude that, as in other oscillatory motions, the density of the 
substance is without effect. This was shown experimentally, in 
the case of waves progressing in rectangular troughs, fifty years 
ago by the brothers Weber. 

$ 7. Effect of variation in the diameter.—I used chiefly four 
cylindrical vessels. Their dimensions were as follows :— 


Vessel A, mean diameter at surface of water 595 millims. 


” B, ” ” 75 i 456 ” 
* 

39 C, 39 39 55 366 33 
N 

5 E, ” 9” ” 300 99 


Experiments with A (depth = 290 millims.). 
In 3' there were 321 pulsations, 

39 5! 33 533 32) 

2) 4 3) 427 33 

„10 „ 1071 „ 

or mean A, 210696. 
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Experiments with B were given in § 3, whence it appeared 
that (depth =290 millims.) 
mean B. = 122:4. 
Experiments with C (depth = 285 millims.). 
In 3! there were 411 pulsations, 
33 3! 39 410 29 
1 85 M 410 A 
or mean C,=136. 
Experiments with E (depth = 870 millims.). 
, In 1’ there were 151 pulsations. 
„1“ „ 151 „ 
39 1 3 151 EL 
or mean E, =151. 


Putting the results together, 


Diameter. SEST a amb 
A . 595 106:96 
B. . 456 122:4 
O a « 366 136:73 
E 300 151 


§ 8. In the binodal system of undulations here set up it is 
clear that the wave-length is equal to the diameter of the cylinder. 
If, then, the rate of progression is directly proportional to the 
square root of its length, we must have v= C “diameter, where 
C is a constant. But the length of path from the centre to the 
circumference and back is the diameter; and the rate of pulsa- 
tion (that is, the rate of recurrence of the same phase) must for 
uniform motion vary inversely with the path or diameter. 
Accordingly if n be the number of undulations in a time-unit, 


a=C vV diameter 
diameter 
or nV d=C. 

We should get a constant on multiplying the square root of the 
diameter (or radius) of a circular trough with the number of pul- 
sations per 1“. In the following Table this is done. In column 1 
are shown the values of nd. For more palpable comparison, 
in column 2 are the numbers got by dividing each of column 1 
by the least (which is the first). 
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E 2) 
A. . . 2608 ·035 1:0000 
B . « 2613747 1 0022 
C . „ 2615°799 1:0029 
E 2615397 1:0029 


The close coincidence of these numbers establishes the law 
that the rate of wave-progression varies directly with the square 
root of the wave-length. The absolute velocities of progression 
of waves of the lengths established in the troughs are— 


A . . 636412 metres per 1’, 
B . . 558144 i. 
C . . . 500437 „ 
E. . . 453000 „ 


and of course these numbers, divided by the square roots of their 
respective wave-lengths, are constant. 


According to A, a wave 1 metre long travels at the rate of 
83:3060 metres in a minute. 


According to B, at 82:6053 P 25 
C, 35 82:7224 33 3) 
E, „ 83:6691 ” ” 


33 


35 


Or taking the mean, we may conclude that a wave a metre long 
would travel at the rate of 83°07 metres in 1! (a little over 3 
miles an hour) if it expanded circularly, and moved freely and 
automatically without change of wave-length. 

§ 9. Form of fundamental binodal wave in cylindrical trough.— 
The beautiful smoothness and persistence of the stationary bino- 
dal waves in cylindrical vessels enables us to examine their form 
with some accuracy. It is at once seen that while the only part 
of the water free from radial motion is that in contact with the 
walls and the very axis of the cylinder, there is a nodal ring of 
constant height—which, however, is only a geometrical expres- 
sion; for the water sweeps to and fro through the node radially. 
Putting aside for the present the internal motion of the water, let 
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us examine the position of the nodal ring. This can be done by 
shifting the gauge of § 2 until there is no rise and fall on its 
stem, and then measuring its distance from the edge. A per- 
manent record of the nature of the wave- system can be got by 
immersing a sheet of cardboard in a vertical plane passing 
through the axis of the cylinder and reaching to the circumfe- 
rence. The cardboard loses its smoothness where the water has 
touched it. By both of these methods it appeared that in ves- 
sel A the node was 99 millims. from the edge, in B it was 75 
millims., and in C it was 64 millims.. The diameters of these 
being respectively 595, 456, and 366 millims., the fraction of 
the diameters at which the nodes were formed were respectively 
6:01, 6°08, and 5°72. The central amplitude was in each case 
26 millims. In the vessel C this amplitude causes incipient 
breakers, so that the nodal point sways. It appears that in a 
perfect system of such waves the nodal line is } of the diameter 
from the circumference. 

§ 10. Relative amplitude at different parts.— When the ampli- 
tude is great, the elevation at the centre exceeds the depression 
at the same place. The elevation may be so great as to project 
water repeatedly, while the corresponding cavity is smooth and 
round. In such a condition the node sways. With smaller am- 
plitudes, the alternate depression and elevation at the centre are 
equal to one another, and the node becomes stationary. 

With great amplitudes, that at the centre is indefinitely greater 
than that at the edge (when the node sways). With very small 
amplitudes the amplitude at the edge is nearly exactly one half 
of that in the centre; this is the more nearly true the less the 
amplitude, and would, I conceive, be strictly true if the waves 
were conical instead of being dome-shaped. 

§ 11. Comparison with stationary waves of solids.—A uniform 
elastic rod or lath, adc, fig. 1, can be set in vibration in the 
manner shown by the dotted 


lines, It divides itself in mes 

such a way that a=c = $b ahs are AA f 
and d=e=f. The nodes = 
are at 47 from the ends, and „ “eee SS 


the amplitude at the ends is 
nearly the same as in the middle. A lath consisting of two 
isosceles triangles (fig. 2) can be thrown into similar waves whose 
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planes are at right 
angles to the plane 
of the lath (fig. 2). 
But the nodes are 
now at nearly 31 
from the ends, and 
the amplitude in 
the middle is approximately twice that at the ends. 

Imagine a thin circular board to consist entirely of such 
sectorial laths. They would, if strung on a circular wire passing 
through their centres of gravity, form a rigid system ; for motion 
around the wire would cause gaping between the apices and 
crushing between the bases of the sectors. Nevertheless such 
motion is possible if the disk is elastic, as is shown by the for- 
mation of a nodal line around a circular plate at a distance of 
one sixth of the diameter from the circumference when the disk 
is bowed through a hole in the middle. The motion of such a 
disk is analogous in many respects to that of water in a circular 
trough. We may compare both cases with systems of isosceles 
triangles oscillating about lines passing through their centres of 
gravity. With the disk we have momentum and inertia con- 
trolled by elasticity; in the wave they are controlled by gravity. 
If the surfaces of the waves were conical, the following simple 
comparison might be drawn for an elementary displacement. 
Let fig. 3, D E, be the 
axis of the cylindrical 
trough. Let DG, 
DB be the limiting 
radii of the displaced 
cone - sector D G B. 
When D sinks to E, 
GB will be at F H. 
If the sector turns on the line C A parallel to its base and one 
third B D from it, then DE=2FG. When D sinks to E, all 
the water in the tetrahedron (A C D E) leaves it, and as much 
water has to enter the wedge FGBAHC. These volumes 
must be equal. It is easy to show that they are so. This is in 
accordance with the general law that when two heavy planes in 
one plane turn together round any axis passing through their 
common centre of gravity, they sweep out solids of equal 
volume. 


Fig. 3. 
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As the water is constrained neither to separate in the middle 
nor from the walls, the sectors change from conical to circular 
sectors and back again. And with conical waves the actual 
volume of water concerned in the motion is less than that traced 
out by the rotating sector; but this defect is the same in volume 
with the wedge as with the tetrahedron. 

§ 12. Level of node.—When the wave-system is i the 
vertical height of the node is the same as that of the surface of 
the liquid when at rest. The movement of particles of powder 
on the water shows that though the node itself is at rest, the 
water composing it is in violent motion. [t is a stationary 
market in a shifting population. It shows that, as in solid and 
gaseous waves, a node is a region where most work is done, and 
accordingly where least motion ensues—a hinge. 


Rectangular Troughs. 

§ 13. Four troughs of zincked iron were ordered of the common 
depth of 1 foot, the common width of 1 foot, and the respective 
lengths of 1 foot, } foot 6 inches, 2 feet, 2 feet 6 inches. They 
were found to have the following dimensions in millimetres :— 


Width. Depth. Length. 
Ww... 820 315 808 
X . . 820 315 463 
Y . . 315 315 619 
Z” ˙ 322 315 767 


About the depth, my only care was to have such a depth of 
water that there should be no sensible drag by friction. This 
appears from § 5 to be the case with about 150 millims. of water. 
It will be shown in § 23 that, at this width, variation in width 
is without sensible effect. The mean widths are given. The 
lengths are also the means of twelve measurements 1 inch apart. 
In no case was there a difference of more than 1 millim. between 
lengths which should have been identical. 

In rectangular troughs two chief wave - systems can be 
established which maintain themselves automatically. They 
may be called binodal and mononodal respectively. The first 
is the counterpart of the circular waves which we have been 
considering. The binodal system is got by placing a wooden 
lath, 2 or 3 inches wide and nearly as long as the trough is wide- 
and provided with a handle at right angles to its plane, on the 
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surface of the water exactly halfway from either end, and de- 
pressing and raising it intact. The waves soon grow and main- 
tain themselves for several minutes. The second or mononodal 
system is very easily produced by slightly tilting the trough 
repeatedly around one of its lower end edges. We shall consider 
the binodal motion first. The troughs were all filled to a depth 
of 260 millims. As it appears from the whole of the subjoined 
experiments that the number of undulations in the first minate 
was the same as those in the second, and so on, it followed 
that, as in circular troughs, the amplitude was without effect 
upon the frequency of pulsation. 


§ 14. Variation in length. Experiments with W. 


In ]!“ there were 136 pulsations. 


„ l „ 1355 „, 
l >) 1! 99 136 3 
Mean number of pulsations in 1' for V. . . 1358. 


In this square trough it is difficult to avoid the travelling of 
the no lal lines till they become diagonals. 


Experiments with X. 
In 1“ there were 111 pulsations. 
3) 1’ 39 110 L 
33 1’ 39) 110 29) 
„ 2! 3 22l ” 


Mean number of pulsations in 1! for X . . . 110.4. 
Experiments with Y. 
In 2! there were 189 pulsations. 


„2 „ 189 „, 
„ 2 „ 189 „ 


Mean number of pulsations in l’ for Y . . . 945. 
Experiments with Z. 
In 2“ there were 169°5 pulsations. 


„ „ 285 „ 
33 4! 33 338 L 


Mean number of pulsations in 1! ſor Z.. . 845. 


Before collating these results we must examine the effect of 
shallowness. 
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$ 15. Effect of depth on binodal undulations in rectangular 
troughs. 


— — — — 


| Number of undulations per 1’ in 


| Depth. Saeco, et SS 8 
! 

| 2. Y | Xx. w. 

| millim | 

I/ „„ | 8 133 

| 11171 „ eats 134 
1990 aa E 135-8 
210 82 92 | 109 | 135-6 

„ „ z. i, ik 

4 4 4 0-4 i 135: 

2860 | 84:5 94:5 | 110:4 135-8 
280 84.5 945 1104 ' 136 

l 300 ; 845 94-5 1104 | 135-6 


From this Table it appears that in rectangular troughs of tbe 
same width and different lengths, a diminution in the depth of 
the water takes effect in increasing the period on the longer 
trough before it affects the shorter one. In other words, to ex- 
hibit its normal (i. e. maximum) rate, a short trough need not 
be so deep as a longer one. 

It also appears that the depth 260 millims. employed in the 
experiments in § 14 is sufficient. j 

We may therefore compare the results of § 14. 

Length. Number of pulsations. 


Z 767 84˙5 
* 619 94˙5 
X 453 110°4 
W 308 135˙8 


The wave-length is here, of course, the length of the trough. 
If the rate of progression varies directly as the square root, of the 
wave-length, then, since the rate of repetition of phase varies 
inversely as the path, which is also the trough-length, we should 
get (asin § 8) a constant on multiplying the number of pulsa- 
tions in a minute with the square root of the trough-length. 
This is done in the following Table, where also the quotients got 
by dividing all by the smallest are given :— 


av. 
2 2310°21 1:0000 
2. . . 2841-14 1:0004 
X . . . 2837552 1:0108 
W. . . 2838329 1:0183 


VOL. I. l P 
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These numbers are even more nearly in accord than those of 
circular troughs of § 8. They show that the rate of progression 
of a restrained wave in a trough varies also directly as the square 
root of its length. But the question asks itself, How is it that 
nV J of straight troughs is unifurmly less than nv d of circular 
ones? The mean value of the constant in the circular system is 
2618°652 ; in the rectangular it is 2360°04. These are in the 
ratio of 1:109to 1. To this point I shall return in & 23. l 

The absolute velocities of progression of the waves are :— 


Z . 64:8115 metres in J“. 
Y . . . 584955 „ 
X 511152 „ 
W. . . 418264, 
If we assume the formula 


V 


to be true for the wave-length of a metre (and we see it is ap- 
proximately true for 767 millims.), it 1s found that a wave a 
metre long in a rectangular trough travels, 


According to E, at the rate of 74:006 metres in J“. 


” Y, ” 74348 ” 
33 X, 22 75:088 EL 
” W 75 75:371 ” 


The mean of these is 74°7, and this is the distance which a 
wave a metre long would pass over in 1’ when moving in deep 
water between parallel walls. This is under the assumption that 
no velocity is lost by reflection; and the same assumption must 
be made in § 8 with circular troughs, where the velocity of the 
metre wave in circular troughs was found to be 83-1 metres in 1’. 
8 16. As the circular undulation was referred to an oscillating 
triangle or vibrating pair of triangular laths, so may the motion 
of the water above described in the rectangular trough be likened 
to the balancing of two rectangular laths supported at their lines 
of gravity, or, more closely, to the binodal vibration of a rectan- 
gular lath (see § 11). The lines of gravity are now from each 
end 4 of the joint length. The nodes are at 40 from each end. 
Accordingly in rectangular troughs the nodes are at exactly 41 
from the ends when the undulation is binodal. Also, on taking 
a paper section of the system (see § 9), it is found that the am- 
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plitude at the centre only exceeds that at the ends by a very 
small amount. As before, the node is not a line of material 
rest. The water sweeps through it towards the mountain which 
is forming at one side or the other. 

§ 17. Mononodal undulation in circular troughs.—In circular 
troughs the mononodal waves can be produced by tilting or by a 
segmental stirrer. The former, of course, lifts the node and pro- 
duces at first a longer wave than is due to the proper limits of 
the trough. This very fact causes the wave to accommodate itself 
to the trough, and to establish a nodal line which is a diameter 
of the cylinder at right angles to the plane of the wave. The 
same system is produced at once by the careful use of the seg- 
mental stirrer. Two kinds of irregularities may show them- 
selves. The one depends upon the partial degeneration of the 
mononodal system into circular bi- or quadrinodal systems; the 
second consists of an almost unavoidable rotation of the node. 
Such rotation, which need not exceed a quadrant in three or four 
hundred waves, must of course be an experimental fault, since no 
reason can be assigned why it should take place in one rather 
than in the other direction. Neither irregularity appears to 
affect the rate of the mononodal system; the first gradually 
effaces itself probably by disaccord between the older and newer 
effects. 

§ 18. Effect of depth on the mononodal system in circular 
troughs. 


— — 
— — — — — va¼a ᷑• ꝰJJ.·.«· . ĩ u—-TÜ .... “El — ĩ ĩö ĩð —œw—ů — 


Depth. | 
| A. B 
millims. 
145 63 76 
155555 2—•ꝛ 78 
16 A oauan 79 
175 65°5 80 
195 | aaa 81 
22222 ͤ%4“eõ 82 
255 71 83 
280 71˙5 83:5 
| 330 716 83 5 


§ 19. Effect of variation in diameter on the above experiments 
with A (depth = 290 millims.). 
2 2 
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In 2! there were 143 waves. 
„27 » 143 „ 
39 2! 39 143 3) 
Mean rate for A per I. . 715. 
The second and third 2! were consecutive, and accordingly 
the wave-rate of sequence is independent of amplitude. 
Experiments with B (depth = 290 millims.). 
In 2“ there were 167 waves. 
99 2! 39 167 322 
Mean rate for B per!!! . 835 
Experiments with C (depth = 185 millims. ). 
In 2“ there were 183 waves. 
2) 2! 97 183 35 
Mean rate for C per 1! . . 915. 


Experiments with E (depth = 870 millims.). 
In 1! there were 103°5 waves. 
3) ]! 39 103:5 L 
99 1! 33 103˙5 33 
Mean rate for E per /. . 103°5. 


Putting the results together 


| Diameter. Mean n | avd | Depth. 
i ( 
| ! | millim 
R 595 71:5 | 173909 
. 595 71˙6 1741.53 330 
P 456 83:5 | 1782-06 290 
te MG raat: | 366 91:5 | 1760-49 — 185 
EN 300 103:5 | 1789-63 870 | 


It appears both from § 18 and from the above, that A or 
even A! was scarcely deep enough to give the normal rate for 
their great wave-lengtbs. It also appears that for the shorter 
system of C the depth 185 is insufficient. From § 18 it scems 
that the niaximum or normal rate is reached. We may take the 
nearly identical numbers for B and E for the valuation of the 
mean constant, which is 1785:84 (in inetre-minute measurement). 

§ 20. Mononodal undulations in rectangular trouglis.— In rect- 
angular troughs the mononodal wave-system can be established by 
tilting or by the use of a wide stirrer. The wave-length is twice 
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that of the trough. As the shallowness influences longer waves 
more than shorter ones, we must look for greater discrepancies here 
than in §§ 15, 16,17. Taking the same troughs, namely Z, Y, X, 
W, the first experiments were to determine the influence of depth. 


Influence of Depth on Mononodal Waves in 
Rectangular Troughs. 


\ | 
Depth. | . . X. w. | 
— a a ———ů—— — 
milliws. | | 
120 4 N 5 92 
14004 B 93 
160) * 94 | 
%% St AUEN | 94 
2000 l 4 94 
220 51-5 . sheet | 94 
20 53 | 61 74°6 94 
2060 54 62˙2 75˙2 | 94 
280 55 j 63 76 94 
| 300 55 63 76 | 94 


— — —— — — — — — — 


Experiments with Z (depth = 290 millims. ). 
In 2’ there were 110 waves. 
22 3 323 165 39 
Mean rate for Z perl“. 55 


Experiments with Y. 
In 3' there were 189 waves. 
„27 „ 126 „ 
Mean rate for Y per 1' . . . 63 


Experiments with X. 
In 3' there were 228 waves. 
93 2! 99 : 152 a9 
Mean rate for X perl“. . 76 
Experiments with W. 
In 1“ there were 94 waves. 
LL v IL 94 39 
„1“ „ 94 „ 
Mean rate for W per 11. . 94 


Collecting and multiplying each number of waves by the 
square root of its trough-length (trough-length=4 wave-length, 
the ratio is the same), and dividing all such products by the least 
of them, we get the following numbers :— 
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Mean number 
Length of trough. of waves 
l 


: in l’=n. an I. 
2. 767 55 1523-21 1:00 
Y. . . 619 63 1568:42 1:08 
X 463 76 1635:32 1:07 
W . . 308 94 164970 1-08 


In spite, therefore, of the apparent attainment of maximum 
rate at 280 millims., we must reject the two longest waves in 
adopting a constant, which, taking the mean of the two shorter 
systems, is 1642°5. 

In all the four cases, namely mono- and binodal waves in 
circular and rectangular troughs, the value of u Vor nV d in- 
creases as the length of / or d decreases. The increase of rate 
of wave progress due to increased wave-length is somewhat more 
than counterbalanced by the increased path, so that the “ con- 
stant“ is larger with smaller troughs. 

§ 21. Comparison between mononodal and binodal waves in 
rectangular troughs.—In the same trough the wave-length of the 
mononodal system is always that of the binodal system, the 
former being 2/ (/= trough-length). If the ratio of progression 
be as the square root of the wave-length, then the number n of 
waves in a given time, varying directly as the rate of progression 
and inversely as the distance, in the same trough 


number of binodal 73 
number of mononodal — 


How far this is borne out in the experiments is seen in the 
following comparison of the shorter troughs, where the mono- 
nodal system is normal. 


Length of trough. “2x mononodal. No. of binodal. 
X. . . 463 107°47 110˙4 
W 308 132°94 135:8 


§ 22. If we take a binodal system and insert a rigid plane 
diaphragm vertically down the middle and at right angles to the 
plane of the wave, we divide it under little disturbance obviously 
into two mononodal systems of half the trough-length, but of 
the same wave-length as before. These should osciilate (inde- 
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pendently of one another) at 
the same rate and at the 
rate of the original system. 
The experiment which illus- 
trates this relation most di- 
rectly is Y(/=619 millims.) 
of the binodal, where n= 
94:5, and W (I= 308) of the 
mononodal, where n=9-40. 
Such a material diaphragm 
cannot satisfy the ideal con- 
ditions; for if at rest, ad- 
ditional friction is introduced 
hy the motion along its sur- 
fuces of pairs of particles at 
each side exerting equal and opposite pressures. These, in the 
absence of the diaphragm, exert no friction on one another, 
since they move at the same rate. 

§ 23. General comparison with Pendula.—As the amplitude 
of the wave produces no sensible effect on its rate of progression, 
and the latter varies for small wave-lengths directly as the square 
root of the wave-length both in circular and rectangular troughs, 
the oscillation of water may be closely compared with that of a 
pendulum, which for small circular arcs is isochronous, whatever 
be the amplitude of displacement; height of wave: height of 
pendulum-bob=v(1l — cos 48). The mean velocity of the pen- 
dulum-bob varies as the arc for the same radius; for the same 
small angular displacement inversely as the square root of the 
radius. We have then the analogous cases :— 


£. 
a 


Pendulum. Water-wave. 
velocity velocity 
1 n ~ — -- 2 7 
path path 
Vr vi 
S ee 
1 1 
Vr vi 


The moving force in a simple pendulum is always equal to its 
weight, though this force is always applicd partly to the point 
of suspension. In the moving water the to-and-fro motion is 
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due to the action of a variable difference of pressures (heights). 
The law of oscillation, however, is preserved, although the an- 
dulations are the result of particle-motion in the mass of the 
liquid, and although these particles in the case of stationary 
waves, as was pointed out so many years ago by the brothers 
Weber, do not complete their orbital motion, but themselves 
swing, like the bobs of elementary pendula, to and fro in short- 
arc’d rhythmic sequence. Whenever the momentum and inertia 
vary together (as in all cases of solid magnification—i. e. altera- 
tion of size, conservation of shape, and either conservation or 
alteration of density), the pendular law must be preserved, and 
this whether the mass to be moved is wholly active, as in the 
pendulum itself, or more or less passive, as the logan oscillation 
of a common balance. 

In rectangular troughs it is easily shown that, if the surface 
is plane, the pendulum (elasticity) or torsion law must hold 
good, and that the force of restoration is proportional to the 
linear measure of disturbance. If AB (fig. 5) be the level of 


Fig. 5- 


the water in a rectangular trough and it is set in mononodal 
undulation, so that in one phase the surface is at C ED, the 
line BD, BF, or A C is half the amplitude. Consider all the 
water below CF to be without influence. The rectangle of 
water AC BF has become the triangle CFD. Join CB and 
EF; their intersection K is the centre of gravity of C D F, and 
is 3 of CB from C, &c. Draw G H horizontal and K II vertical 
till they intersect. The centre of gravity of the rectangle 
A CB F has been raised by the change of form from G to K— 
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that is, from H to K. The work in the displaced water is 
DCFxKH. 


BF 
ane KG=(3—})BC= 4 BC, 
or KH =,,DF. 


The work done and potential at maximum excursion vary di- 
rectly with displacement. What is true for a plane is of course 
true for a rectangular trough. It can also be shown to be true 
for disturbances in circular troughs from fig. 3, § 11, and fol- 
lows indeed without further proof from the equal tetrahedron 
and wedge having been generated by the rotation of a triangle 
balanced about one of its lines of gravity. The fact that the 
surface of both wave-systems is curved, and that this curve in- 
volves the cohesion and viscosity of the liquid, puts the exact 
solution of the question beyond the present power of analysis. 

§ 24. Absolute comparison of circular waves with pendulum.— 
It appears that both the binodal waves in circular troughs 
and the binodal waves in rectangular troughs follow the pendu- 
lar law, and that the mononodal waves in rectangular and 
circular troughs do so nearly. It follows from & 23, where it is 
shown that no dead weight has to be stirred, that, if the liquid 
has no viscosity, not only should the pendular or torsion Jaw 
hold good, but the actual rate of undulation in the binodal 
system in the unhampered or circular wave should be the same 
as that of a pendulum of radius equal to half the wave-length— 
that is, to the diameter of the cylinder. If a pendulum of length 
be suspended over a circular trough of radius , it keeps time 
very nearly with the fundamental undulations in the trough. 
This can be beautifully shown iu an experiment where the pen- 
dulum-length can be altered till it 1s isochronous with the pul- 
sations. But it appears best from the data already given. 
Taking the length of the seconds-pendulum at London at 994 
millims., the number of oscillations which pendula of the radii 
of the circular troughs give is shown in the following Table, 
n'= 60 994 


— @ 


r 
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7 l 


| 
| (2'). 
Ba of | 9 of Number of oscil- 
trough, 7. | Una lations of pendu- 
5 | lum of length r. 
8 297°5 3975 | 106-9 108-6 
BB ee 228 122-4 125°3 
G 183 | 136°7 139-4 
F 157 | 149-0 150-9 | 
FFF 150 | 151 154°4 


The pendulum-oscillations exceed the liquid ones, on an 
average, 2°8; on the corrected average, under the omission of 
E, 2°05. The mean per-cent. deficit is about 1:5. Consi- 
dering that the liquid undulations do not, even in the largest 
troughs, sustain themselves for more than 20, while a pendulum 
in air will oscillate for hours, and remembering that rate of de- 
cadence is nearly proportional to individual delay, I do not think 
that the above numbers are at all in disaccord with the asser- 
tion that the fundamental or binodal circular undulations in an 
infinitely deep circular vessel are isochronous with those of a pen- 
dulum whose length is equal to the radius of the vessel. 

In hemispherical and cycloidal vessels I anticipate that a 
still nearer identity would be obtained. The exact form of the 
cup of revolution which would give the nearest approach to the 
pendulum-rate depends of course upon the shape of the wave ; 
and here we are again referred to the complex influence of vis- 
cosity and cohesion. 

§ 25. Comparison of rectangular troughs with pendulum.— 
Making a similar comparison to the above with rectangular 
troughs having binodal undulations, let us find what are the 
lengths of pendula isochronous with the water-waves in the 
troughs Z, Y, X, W respectively. The number of liquid undu- 


lations being n, the formula 
2 
l= ($) 994 
n 


gives us the required lengths of the pendula in millims. 


Number of | Length of , 2 — X trough- 


| Trough- or liquid | 
wave-length. iquid un- isochronous r 
| | dulations. ; pendulum. | length. 
7 15 01194 488-4 
FN 619 O15 400.482 3941 
E 4633 1104 293-627 205-8 
| V.. 308 1261 


13 19-028 


FREDERICK GUTHRIE ON STATIONARY LIQUID WAVES. 187 


It appears, therefore, that the binodal undulations in a rectan- 
gular trough are isochronous with the oscillations of a pendulum 


whose length ts 2 of the trough or wave-length. 


§ 26. Comparison between circular and rectangular troughs in 
binodal vibration.—Briefly, it has appeared that the differences 
between the wave-systems in circular and rectangular troughs, 
both being binodal, are as follows :—In rectangular troughs the 
nodes are one fourth of the trough-length from the ends. In cir- 
cular troughs they are one sixth of the diameter. In rectangular 
troughs the amplitude is a very little more at the centre than at 
the edges. In circular troughs it is very little more than double 
that at the edges. The rate of progression in both varies as the 
square root of the wave-length ; and the rate of sequence, or n, 
varies inversely as the square root of the wave-length. The 
waves of the circular system are isochronous with a pendulum 
of half the wave-length ; in the rectangular trough this pendulum 


must be 2x wave-length. If reflection does not alter velocity, 


the circular wave | metre long will travel 83°1 metres in one 
minute if it preserves its wave-length; while a wave 1 metre 
long between walls will only travel 747 metres in one minute. 
In answering the question as to whence this latter difference 
arises, a few preliminary experiments are useful. That waves 
in circular troughs endure longer than waves of the same am- 
plitude in rectangular ones may be attributed in great measure 
to friction. That element of friction which is due to adhesion 
and cobesion can be directly compared as follows. In a square 
trough in one complete undulation the surface rubbed by the 
two end lines of particles is 4al if a is the amplitude and / the 
trough or wave-length. The surface rubbed by the two side- 
lines of particles is 2a/. The whole surface rubbed by the four 
edges of the top layer of particles is 6a/. In the circular trough 
whose diameter is equal to /, the amplitude at the centre being 
a, the surface rubbed by the edge ring of particles in a com- 
plete undulation is 2a7$/ or arl; or the cohesive friction on the 
square trough is for the upper Jayer 1°9 times that of the cir- 
cular trough for the same wave-length and edge-wave ampli- 
tude. If such friction were the cause of the slower rate of wave- 
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progress in rectangular troughs, we should expect the effect to 
be less in wider troughs than in narrower ones, because, while 
the surface scraped would be the same, the mass of the water 
would be greater. 

Accordingly the rectangular troughs W, X, Z, which have the 
dimensions 


Width. Length. 
W. 320 308 
X 320 463 
Z . . 822 767, 


were filled to a depth of 280 millims., and by means of long 
laths set in binodal undulation in the direction of their widths. 
The wave-lengths of W and X were accordingly identical ; 
and the wave-length of Z was only 4 millims. longer. The 
mean of four concordant determinations in each case showed 
in J,, 

for M. . 134 

„ X . . 134 

„ E. . 1885 


In brief, the length of the trough across which the system 
was established produced no sensible variation in Fig. 6. 
rate of phase-recurrence, and therefore presumably 
none in wave-progression. R 

But a wave in a rectangular trough undergoes | ~. ii 
a constraint quite other than that of friction. N 
Its motion ia repressed by the sides. It presses | — 
equally and radially in all directions. The wall 
offers resistance perpendicular to itself. The re- 
sultant of the quadrant of the forces in fig. 6 makes an angle of 


45° with the wall. The lateral pressure on the wall is -= 


of the total radial pressure ; the onward pressure is also equal to 
] l 
7? the total pressure. The constant obstruction thus offered 
by the walis is the cause of the preservation of amplitude. The 
constant obstruction thus offered by the rigid parallel walls, while 
preserving amplitude, is, I imagine, the main cause of the lesser 
rate of wave-progress in rectangular troughs; and could exact 
measurement be effected, I should expect that the ratio between 
the times of subsidence from one amplitude to a lower one 


< 
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in a circular and rectaugular trough would be found to be 
nearly the ratio of 83:1 to 747. The measurements of rate 
of subsidence cannot be made of sufficient exactness to test 
this experimentally ; but it is clear enough that binodal waves 
in circular troughs are far more enduring than those of rect- 
angular ones. : 

§ 27. It may be shown that in rectangular troughs, when 
mononodal undulation takes place, the path of the centre of 
gravity is a parabolic arc, supposing the surface to remain 
flat. But as this condition never obtains in reality, and as no 
one particle remains in its motion the centre of gravity of the 
moving mass, this parabolic motion of the centre of gravity is of 
no direct account. 

§ 28. Cross binodal undulations in circular troughs.—On press- 
ing simultaneously two opposite points of the rims of A and B, 
they yield sufficiently to start undulations which are analogous 
to the ring of a bell or the fundamental quadrant vibration 
of a Chladni plate. By repeating the push at proper intervals, 
a well-shaped system of undulation is established, consisting 
of quadrant waves separated by diametral nodes at right angles 
to one another. The rate of recurrence of these in troughs A 
and B was examined. The troughs were filled with 300 millions, 
of water. | 


Number of recurrences 
of same phase in |’. 


94 
A. | 94 
94 
109 
B. {18 
109 


Taking the troughs A and B, we have the following compa- 


rison :— 
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Fig. 7. 
ae 
A....106°9 716 94 
B....122°4 83:5 109 


§ 29. Compound motions.—The motion given to a glass of 
water when the axis is made to describe a narrow cylinder and 
then brought to rest, whereby a wave careers round the vessel, 
is a modification of the mononodal. If the node of such a 
system performs one complete revolution during the phase-life 
of the mononodal wave, the crest reappears in the same place. 
In the trough B, which held 300 millims. of water, in each of 
three experiments the crest reappeared in the same place eigbty- 
four times in one minute. The travelling of the node, therefore, 
makes no difference in the wave-rate. The motion of the sur- 
face resembles that of a disk which is at right angles to an 
axis when the axis describes a circular cone. 

If the water revolves on its axis in the trough, mononodal 
undulations are carried round in a similar manner. 

The revolution of the water does not interfere with the period 
of the binodal circular waves. Thus the water in A, being 300 
millims. deep, was stirred round; and while in rapid rotation, it 
was impressed with the circular binodal wave-system. In each 
of two minutes 107 waves were counted; and the last minute 
was immediately following the first. At the end of the expe- 
periment the water was still circulating at the rate of 12° 
per 1”, 

§ 30. Oil on water.—The restraining effect of a layer of oil 
on the water, inasmuch as it causes the more rapid loss of am- 
plitude, might be supposed to effect a retardation in the wave’s 
progress. Such is not the case, apparently; fora layer of olive- 
oil 5 millims. in thickness undulated with the water beneath it 
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in the trough B at such a rate as to give in three experiments 
the numbers 123, 122:5, 122:5. 

§ 31. Viscosity. Glas added in varying quantity up to 1 Jb. 
of the solid in the trough B did not change the rate from 123. 

§ 32. Images on wall.—It can readily be imagined that the 
sun shining on water or, better, water covered with oil in one 
of the states of motion above described, gives most elegant 
figures on the wall. The circular binodal, for instance, shows 
lateral and vertical loop-exchange; the cross binodal circular shows 
a collapsing and expanding parallelogram ; the binodal rectan- 
gular exhibits bars of light which approach and recede with a 
pause and slight regression. From the distribution of light in 
the images, the kind and, to some extent, the degree of curva- 
ture can be ascertained. Thus, when the circular binodal has 
nearly subsided, the only alteration visible is the change of lumi- 
nosity in the centre, due to the alternating convexity and con- 
cavity. 

§ 33. Recent contributions to the subject.—-On the occasion of 
the communication of my experiments to the Physical Society, 
I invited the Members to offer suggestions regarding the ratio- 
nale of some of the stationary waves which were there exhibited. 

Mr. O. Lodge has been good enough to point out how com- 
pletely the phenomenon depends upon the relationship between 
wave-length and rate of wave-progress. I regard the results as 
being of value, in a great measure because they show, I believe, 
more conclusively than can be shown by the wave-progress on 
open sheets of water, that this law, that the velocity of progress 
is directly proportional to the square root of the wave-length, is a 
true one. This they do by reason of the conservation of wave- 
length. 

In ‘ Nature’ of July 28th Lord Rayleigh discusses the theo- 
retical aspect of the question, and shows that the wave-rate of 
sequence which I had given for circular binodal waves corre- 
sponds closely with the theoretical number deduced from the 
hypothesis that in troughs of infinite depths the variation of the 
diameter is the only thing which affects the wave-rate or period. 
That the pendulum-, or, as I should prefer to call it, the Logan- 
law, or law of magnification, should be so closely preserved 
through the complex molecular movement which actually takes 
place is of the greatest intercst—the more so as the paths 
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of the particles are not increased by an increase of the trough, 
but there is only a diminution of the eccentricity of their 
fragmentary orbits. This has, of course, its counterpart in vi- 
brating elastic rods. The mathematical interpretation of the 
experimental fact is very valuable. I do not suppose that such 
interpretation can be complete until account is taken of the co- 
hesion and viscosity of liquids, to which, on the other hand, 
such experiments may supply a new weapon of attack. The 
other kinds of wave-systems, the rate of which Lord Rayleigh 
predicts mathematically, and which in rectangular troughs were 
described, but not investigated with regard to their period, in the 
elaborate work of the- brothers Weber, I had already examined 
in regard to their period both in circular and rectangular troughs. 
In this respect it is safe to predict that every system of vibra- 
tion of a square or round Chladni plate may be reproduced in a 
square or round vessel of water, and that the time-ratio will be 
preserved. Further, in water-wave systems we can have mono- 
nodal vibration, which for automatic motion is inadmissible iu 
vibrating plates. With the exception of those above studied, 
the more complex systems appear short-lived. 

34. That the wave-motion of the binodal circular system is 
not only isochronous with the radius pendulum, but also coin- 
cides with pendular motion throughout the whole course of 
both, appears from the fact that the two sustain one another 
when in direct integral mechanical connexion. Fig. 8 shows 
such an arrangement. A tuning-fork, B, having the plane of 


Fig. 8. 


its prongs horizontal, is fastened to a heavy stand, A. Resting 
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on the fork is a knife-edge, C. To C is attached a vertical 
screw-rod, E, carrying a nut (invisible in the figure) which sup- 
ports the heavy weight D, consisting of a series of leaden disks. 
Also fastened to C is a cardboard sector, F. The circular edge 
of F is split, and into the crack is pasted a paper gutte. A silk 
thread, G, is fastened to F, and carries a little paraffin disk, H. 
The pendulum-length is altered by the nut E until the disk H 
is isochronous in its motion with the water in V. The vessel V 
is shown out of proportion small. When the right length of E 
is obtained, the disk H moves up and down with the water with- 
out a ripple for twenty minutes or more, showing how truly pen- 
dular is the wave- motion. It follows that, for small disturbances, 
the rate of vertical motion at the normal level must be closely 
proportional to the altitude of the wave or amplitude of undulation: 


XXIII. On the Flow of Electricity in a uniform plane conducting 
Surſuce.— Part II. By Professor G. Carey Foster, F. R. S., 
and OLIVER J. LopcE, B. Sc. * 


43. In an unlimited uniform conducting surface, at given 
points of which there are sources and sinks of electricity, the 
electrical condition of each point within a limited area must be 
determined by the electrical condition of its boundaries. More- 
over, if an equal similar area be taken in a limited conducting 
sheet, whose conductivity and thickness outside this area vary 
in any manner, the electrical state within the area will still be 
the same as in the previous case, if only the conditions at the 
boundaries remain unchanged ; for evidently the electrical flow 
within the area will depend on the actual electrical state of the 
boundaries, and not upon the way in which this state has been 
produced. Consequently the truth or falsehood of conclusions 
arrived at, like those given in Part I. of this communication, on 
the assumption of an unlimited uniform conducting surface, may 
be tested by experiments on a conducting sheet of finite size, if 
we can ensure that, at the edges, the electrical conditions are the 
same as they would be at the boundaries of a portion of the same 


* The substance of this paper was read to the Physical Society on the 
27th of February, 1875; but it contains also experimental results obtained 
since that date. 

VOL 1. Q 
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size and shape taken in an infinite sheet in which there is a 
known distribution of sources and sinks. 

44, In order to carry out such experiments, it is needful that 
the boundaries of the partof the conducting sheet examined should 
be formed either wholly by equipotential lines, or partly by equi- 
potential lines and partly by lines of flow. It is evident that an 
area within which there is a flow of electricity (unless the circuit 
is complete within this area, as in a conducting plate moving in 
a magnetic field) cannot be bounded entirely by lines of flow ; 
for in that case no electricity could enter or leave the area. 

Any line in a conducting shect can be practically made to be 
an equipotential line by laying along it, and in close contact with 
the sheet, a conductor whose resistance in directions parallel to 
the sheet is insensible—for instance, a thick band of copper. 
And any line along which the sheet 1s bounded by non-conduc- 
tors (e. g. the free edges of the sheet) is necessarily a line of flow, 
since no electricity can pass across such a boundary in either di- 
rection. The experimental conditions ean thus be chosen so that 
a conducting area may be bounded either by equipotential lines 
wholly, or partly by equipotential lines and partly by lines of 
flow, placed so as to correspond to any given system of poles. 

45. Methods of testing experimentally the conclusions deduced 
from theory, founded on the gencral principles above indicated, 
have been employed by various investigators. Thus Kirchhoff, 
in his paper of 1845 (Pogg. Ann. vol. Ixiv.), traced the form and 
distribution of the equipotential lines on thin sheets of metal 
bounded by four circular arcs, two of which, being free edges, 
were lines of flow and belonged to the same circle; while the 
others, of much smaller extent than the first two, were equipo- 
tential lines determined by the contact of small cylindrica} elec- 
trodes (conducting wires) with the margin of the sheet. He 
traced the course of the equipotential lines by fixing a wire con- 
nected with one terminal of a galvanometer in succession at 
several points arbitrarily chosen, and in each case finding, by trial 
with a wire from the other terminal, a sufficient number of points 
having the same potential as the selected point. To ascertain 
the distribution required to make the difference of potential be- 
tween consecutive lines constant, he determined a number of 
points along the straight line joining the electrodes, such that the 
difference of potential between cach one and the next was just 
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sufficient to compensate the constant electromotive force of a 
thermoelectric element. The form of the equipotential lines in 
some rather more complicated cases was determined in the same 
manner by Quincke *, and in other cases again by students in the 
Edinburgh University Laboratory 7. Schwedoff f also has in- 
vestigated the direction of the flow at various points in a rectan- 
gular sheet of tinfoil. 

Recently an elaborate series of experiments, by a method 
similar to Kirchhoff's, has been carried out by Professor W. G. 
Adains &, who has also extended the same method of inquiry to 
conductors of three dimensions by the employmeut of conducting 
liquids (mercury, sulphate of copper, sulphate of zinc). 

Verifications by Kirchhoff and by Mach of the theoretical ex- 
pressions for the strength of the current at different parts of a 
conducting sheet have already been referred to (see Part I. § 15, 
footnote. 

Experimental measurements of resistance, in addition to the 
attempts of Kirchhoff already mentioned (Part I. § 1), have been 
made by Gaugain ||, who measured the resistance of a solution of 
sulphate of copper contained between two circular copper cylin- 
ders placed oue inside the other with their axes parallel, and 
thus verified Blavier’s formula (see Part I. § 24, footnote)—by v. 
Obermayr F, who verified Kirchhoff’s formula for circular disks, 
and also a formula deduced by Stefan for the resistance of an 
oblong strip with circular electrodes placed on the central line, 
by experiments with disks and strips of platinum-foil—and by 
Domalip *, who measured the resistance of thin circular layers 
of asolution of sulphate of zinc contained between parallel glass 
disks, the electrodes being zinc rods inserted through holes in 
the upper piece of glass. 

Pogg. Anz. (1856) vol. xevii. p. 382. 

t W. Robertson Smith, Proc. Edinb. Roy. Soc. 1869-70, p. 96. 

t Schwedoff (Pogg. Arn. 1873, Erganzungsb. vi. p. 85) inferred the 
direction of the resultant flow at any point of a conducting shect in which 
there are two equal opposite poles, from simple geometrical considerations, 
to a great extent similar to those employed by Professor W. R. Smith and 
by ourselves (Phil. Mag. vol. xlix. p. 394). We should have referred to his 
paper before, if we had known of its existence. 

§ Proc. Roy. Soc. (1875) vol. xxii. p. 280. 

|| Ann. de Chim. et de Phys. |3] vol. Ixiv. p. 200 (1862). 

I Wien. Akad. Ber. (1869) vol. lx. pt. 2. p. 245. 

** Carl’s Repertorium fiir Experimenial-Physik, 1874, vol. x. p. 23. 

Q2 


196 d. C. FOSTER AND O. J. LODGE ON THE FLOW OF 


46. The results of all these investigations are in such close 
agreement with calculation that it cannot be considered that any 
further confirmation of the general theory is needed. It never- 
theless seems worth while to point out, and to illustrate by spe- 
cimens of the results obtained by it, a simple method which 
serves both for determining the form and distribution of the 
equipotential lines on a conductor of two dimensions, and for 
measuring the resistance of the part of it contained between any 
two given lines. In all except the very simplest cases, it would 
be much easier to determine the equipotential lines and resist- 
ance experimentally in this way than by the corresponding cal- 
culation. . 

47. The method referred to is an application of the principle 
of Wheatstone's bridge, and will be intelligible from fig. 1. The 
poles of a battery (Z) are connected Fig. 1. 
with the two ends of a graduated 
German-silver wire, EF, and also 
with two fixed points, A and B, of 
the conducting disk on which the 
equipotential lines are to be traced; 
a galvanometer, G, is connected to 
a sliding contact block D on the 
wire EF, and to a contact-pin C, 
with the point of which the sheet 
can be explored. Under these cir- 
cumstances the points C and D 
will be at- the same potential whenever the galvanometer shows 
no deflection ; hence if the pin C be moved about on the disk, 
and a mark made at every position for which the galva- 
nometer is not affected, all these marks will lie on one equipo- 
tential line. By repeating this operation, after shifting the slider 
D along the graduated wire, another equipotential line can be 
marked out on the sheet; and any number of lines can be 
traced, so as to correspond to equal differences of potential, by 
shifting the slider through successive equal distances. 

48, In the actual experiments the connexions were not made 
exactly as shown in fig. 1, but the positions of battery and gal- 
vanometer were interchanged. This arrangement made it un- 
necessary to use a separate key for closing the battery-circuit, as 
the circuit was completed by the contact of the pin C with the 
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sheet ; and since these contacts were only momentary, no sen- 
sible disturbance can have arisen from unequal heating. The 
battery used was a single cell of Smee; the galvanometer was a 
reflecting one of low resistance. The disk was a circular piece 
of tinfoil, of 27°8 centims. diameter, pasted on the bottom of a 
tray or shallow box of hard wood, on the edges of which rested a 
wooden bar supporting the contact-pin C. This last slid in a 
vertical tube fixed to the wooden bar; a spiral spring inside the 
tube kept the pin out of contact with the shect except when it 
was pressed down. When the right position on the sheet had 
been found by means of the blunt point of the pin, this position 
was marked by pressing the pin down harder, so as to make a 
slight indentation in the tinfoil. 

The mode of making contact at A and B which we found to 
answer best is shown in fig. 2, AS is a brass spring with a 
projecting pin A, and a screw 
S with nut and washer. The 
screw passes through the wood 
of the tray and is fixed by screw- 
ing up the nut, the conducting 
wire being clamped between 
the nut and washer. The rounded end of the pin A rests on the 
tinfoil surface, pressing it firmly and making a good circular 
contact. It was found necessary to lubricate the bar carrying 
C with blacklead to prevent its causing vibrations when sliding 
on the edges of the tray, and so deranging the contact of the 
springs A and B. 

49. After a series of points have been marked on the tinfoil 
in the manner described, a line may be drawn through each set 
by hand. A set of lines obtained in this way for the case of 
two equal opposite poles on the edge of a circular disk corre- 
spond to a portion of the diagram in Plate IV. bounded by a 
complete line of flow. P being any one of the dots marking 
such a line, if they are circles with the poles as inverse points, 


Fig. 2. 


the ratio will be constant for any one line (Part I. § 16); 


and if they are at equal differences of potential, the values of 
this ratio will vary from one line to the next by a constant factor 
p (Part I. § 18). The numbers given in the following Table 
show to what cxtent these requirements are fulfilled by the ex- 
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perimental lines. Nine or ten points on an average were deter- 
mined for each line; but as a specimen of the results it seems 
sufficient to give the ratios found for four points only, viz. (in 
the case of each line) for a point near either end, a point on or 
near the straight line joining the poles, and a point about halfway 
between this and the more distant end of the equipotential line. 


Values of 55 (S) for four different points on each of 
eight different equipolential lines. 


d 
1-8. 1 | ph | e .. aa 
200) ‘335 568 996) 171 | 294 | 505 | 8-75 
-200 327 568 100 | 1:70 | 295 | 513 901 
190 323 573 100 | 171 | 298 | 518 | 8-97 
196 333 573 102 1-73 | 298 | 553 | 8-91 
Gece cee a at a ae — | 
Means. 1965 3295 5705 1˙005 171 | 296 | 522 | 866. | 
(1-72) (1. a (I-76) oc ‘71)| =(1-72)?}=(1 F 7 


— —— q ͤAñ— — — — 


In the experiments by which the above values were obtained 
the distance between the poles was 19°45 centims. Taking this 
as the value of 2a, and 1:724 for , a system of coaxal circles was 
drawn by the method of § 21, Part I. A tracing of the experi- 
mental curves was then superposed on these theoretical circles ; 
and the two sets were found to coincide almost exactly. 

Another case tried was that of a circular disk with four equal 
poles on its edge, two positive and two negative; the equipoten- 
tial lines obtained experimentally agreed in all particulars with 
those drawn by the superposition method of § 35. 

50. The arrangement of fig. 1 serves not only to lay out -the 
equipotential lines on a disk, but also to determine its resistance ; 
for if the pin C be kept in contact with any point of the disk 
(with the electrode A for instance), while D is adjusted 80 
that the galvanometer stands at zero, and if C is then moved to 
another point (say the electrode B) and D again adjusted, the 
resistance of the part of the disk between the equipotential lines 
which respectively pass through the two positions of C is the same 
fraction of the resistance of the branch E A B F, as the resistance 
of the part of the wire between the two positions of D is of the 
resistance of the whole wire EF. Accordingly the resistance of 
the disk is given, in terms of that of unit length of the wire E F, 
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as soon as the ratio of the resistances EA BF and EDF is 
known. In order to determine this ratio, the connexions shown 
in fig. 1 were somewhat modified, the arrangement finally 
adopted being that shown in fig. 3. 

One pole of the battery is connected by means of a slider D 
with some point of the wire EF, while the other can be con- 
nected at pleasure, on the one hand, with either of the electrodes 
A and B upon the disk by pressing one of the contact-keys 1 
and 2, or, on the other hand, with another slider H on the wire 
E F by pressing the key 3. The galvanometer is permanently 
connected with one end E of the wire, and with a fixed point K 
between the sliders D and H. The part of the graduated wire 
between the galvanometer-terminals E and K thus takes the 
place of the whole length E F in the arrangement shown in 
fig. 1. To measure the resistance between A and B in terms 
of that of the graduated wire, it is then only necessary to 


Fig. 3. 


i 


press successively the keys 1 and 2, and each time to adjust 
the slider D so as to give no deflection on the galvanometer, 
and then to connect the battery with H, by the key 8, and 
to find the positions of D required to keep the galvanometer at 
zero for two positions of H separated by the known amount A. 
If we denote by s the distance through which D has to be shifted 
on the wire E K when the battery-contact on the disk is trans- 
ferred from A to B, and by d the shift of D corresponding to the 
shift of H over the distance A, we have 


resistance between A and B resistance of A 
resistance of s resistance of d 
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and since s, k, and d are all of them lengths measured on the 
same wire, their resistances are simply as their lengths. Hence, 
taking as unit of resistance the resistance of unit length of the 


graduated wire, we have en ee, ee i, 


It will be observed that the ratio > lien e wil hearin de: 


note by - „ is the same as that of the resistances E A B K and 
EDK. 


51. In all measurements of resistance it is necessary, not only 
that the contact of the electrodes A and B with the disk should 
be constant and easily reproduced, but also that the area of con- 
tact should be measurable; the diffculty of realizing these 
conditions with accuracy is by far the most important source of 
error to which the determinations of resistance are liable. In 
order to obtain a measurable and constant surface of contact, the 
spring contact-pieces employed in the experiments for plotting 
the equipotential lines were replaced by the following arrange- 
ment. A thincylindrical rod of brass, to which two wires could 
be attached, slid vertically in a V-groove down the side of a rect- 
angular wooden block. The lower end of the rod was filed accu- 
rately flat and perpendicular to its length, so as to touch the 
tinfoil with its entire surface. Constant pressure against the 
tinfoil was maintained by placing a weight on a cap fixed to its 
upper end. Two such rods constituted the electrodes A and B; 
and tolerably constant contacts could be made with them after a 
little practice. Nevertheless individual readings are apt to vary 
a good deal, and it is necessary to take the mean of several di- 
stinct experiments in order to get a single trustworthy result. 

The numbers given in the annexed Table will serve to illustrate 
the variations occurring among single readings. They refer to a 
set of experiments in which the electrodes were placed approxi- 
mately at the ends of a diameter of a circular disk. 
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2a. 8 
26°30 69°4 
26-22 69°7 
26°30 68 ·3 
26-30 68 3 
26°00 67°5 
26°31 68-7 
25°95 69-0 
26:25 68°6 
26°30 69-8 
26-00 69°4 
26°25 67˙9 
26°31 68:7 
26-05 69:2 

M cans 8 888 26:20 68°80 


52. The principal results of the measurements of resistance 
made by the method explained above are given in the Tables 
which follow, in such a way as to show how far they agree with 
the values indicated by theory. Every entry in the Tables is a 
mean value deduced from the number of experiments stated in 
the first column; the last column in each Table contains a quo- 
tient which theoretically should be constant. Common loga- 
rithms are employed, except when it is otherwise stated. The 
symbols used in the headings of the columns have the following 
significations :— 

R, resistance in terms of an arbitrary unit (= O01 55 ohm; 

being the resistance of one centimetre of the wire E F). 

æ, resistance of the contacts between the electrodes and the 

sheet (found by special experiments). 


e, ratio of the resistances EDF and EA BF (figs. 1 or3),or i (§50). 


s, shift of the slider D. 
2a, or AB, distance between the poles. 
p, radius of the circle of contact of the electrodes, or half the 
diameter of the brass rods. 
r, radius of the tinfoil disk. 
8, thickness of the disk. 
x, specific conductivity of the material of disk. 
L, the expression log VV; 
10 pe. AF. BIG 
§ 39, Part J.). 
log, 10 
Z2ucd 


(sce equation (20%, 


C, the constant 
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The following relations hold good among the above quantities 
RTT = : (§ 50) 


and 
R=CL ($$ 38 and 39, Part I.), 


whence 
s—ex=eCL. 
First set of Resistance experiments, April 1874. 
e was practically constant and =5-°147, p=°163, ex=2-42. 


Case 1. Two equal electrodes on the edge of a circular disk 
(Plate IV.). 


Number | ee 
Number o 9a 
experiments. 20. | f o | 
, | 
13 26-20 6880 | 301 | 
13 18-83 6542 305 
9 13-16) 15-465 | 6208 | 30-0 | 
12 13:466 | 5947 | 298 
16 10185 57:05 | 306 
17 15224 61-66 | 30-1 
6 gas i 11-675 | 5802 | 30-0 
10 10-35 57:20 | 30-4 
5 8.78 56-60 31.3 


In this case L=4 log by formula (13), §§ 25 & 39, Part I., 
8—€2 


and therefore = =4Ce = const.: the mean value 30°29 gives 


log — 
2C =2°943. 


Case 2. Two equal electrodes, one at the centre and one on 
the edge of a circular disk. 


— eee eee 


Number of m A 
experiments. s log r: 

i eaa l p 
| 8 13°36 46:47 23:10 
7 7:62 41-81 23:60 
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Here L=3 ne 2 by formula (21), § 39, Part I., and there- 


oie oe he 33, whence 20 = 3022. 


log - 


The lines of flow and of equal potential for this case are 
shown in fig. 6, Plate V., by the part of the figure inside the 
circle. This figure represents the case of two opposite poles in 
an unlimited sheet, one of them being twice as strong as the 
other. One of the flow-lines is then a circle passing through 
the pole of double strength and having the other pole at its 
centre. The remaining flow-lines lie half of them within this 
circle and half of them outside. Consequently, if the sheet be 
cut along the circumference of this circle (which in the figure is 
shown as complete), a disk is obtained in which the electrical 
conditions are the same as in this experiment. 

Case 3. Both electrodes in the disk, one on each side the centre 
and at equal distances from it. 


Number of AB ; <r 
experiments. ý : log -AB 
3.p 
4 13°16 13:16 36:92 16°20 
5 7°62 7:62 32:78 16:05 


‘Here L becomes 2 log . , whence = = 2Ce, and 
3. ing” “AB 
2C 23132. > 3. 


Second set of Resistance experiments, April 1875. 
Case 1. Both poles on the edge of the circular disk. 
r= = 13: 43 centims. „ P=" 163 centim., 2 = 471. 


Nuniber of E 8 R ; 
experiments. | 2a. 8. €. R= * log 2 Ža 
| p 
8 26˙764 13-03 9705 }2°95 9°85 
6 26:773 13-23 "9700 13°07 5 90 
| | Mean)... 5°87 
ae Oo BR ge on ocas 
L=4 log — ; — = 40; 2C0=2:935 
P log a 
8 
p 


204 G. C. FOSTER AND O. J. LODGE ON THE FLOW OF 


Case 2. One pole at the centre, the other on the edge (as at 
a, fig. 4). 


r=13°43 centims., o = 163 centim., 2=°425. 


R 
Number of = _ 8 — 
experiments. ABer. 8. e. R 5 x. log” 
p° 
3 | 1343 | 937 1-035 8-63 4:504 
r R 
L=3log-; — 230; 2C=3-003. 
P log” 
8 
p 


Case 8. Both poles inside the disk at distances CA, CB re- 
spectively from its centre. 


r= 13°43 centims., p='163 centim., r=°38. 


R R 
AB CA CB. | 8 € Eto! 
6 
1385 | 555 | 9] 7.97 10595 7.14 1-63 
20-00 | 10-9 91 | 894 | 10395 | 822 1.55 
12.20 109 445 | 7-64 1.0625 | 68) 1.58 
7.25 45 3-62 | 6-45 | 10845 | 557 | 1-63 
700 7.2 9-0 650 | 10850 | 562 | 1-61 
900 | 00 90 | 7-17 1:0735 | 630 168 
1208 | 77 4-45 | 759 | 10650 | 675 1-64 
1512 | 7-7 77 8-04 10635 | 7-20 | 159 
—— — — — I — | — ene SE 
| | Mean|...1-615 


The flow-lines for this case are indicated in Plate V. fig. 9, 
where the circle with centre C corresponds with the edge of 
the disk. In order to get the theoretical resistance for this 
arrangement, additional poles, of the same signs as A and B 
respectively, must be assumed at the points A! and B/; so that, 
if the conducting sheet were unlimited, the circle with centre 
C would coincide with a line of flow: that is to say, A’ and B/ 
must be on the prolongations of the radii through A and B 
respectively, and at the following distances from the centre, 


2 2 
CA! = Ga’ CB'= 115 (sec Part I. §§ 36 and 38). Taking 
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A and B as the middle points of the circles of contact made by 
the two electrodes, we have (loc. cit.) 
(AB). AB. AB. R ä 
e Ge ee 

The values of AB and A'B in the above expression were found 
by laying down on paper, to any convenient scale, the actual 
positions of the poles from the data AB, CA, CB, CA’, CB’, and 
then measuring the distances AB! and A'B. This is a quicker 
process than the corresponding calculation. 


L= log 


Case 4. One electrode at the centre, the other touching Fig. 4- 
the edge (as at b, fig. J). 
r= 13°43 centims., o = 163 centim., z=°38. 


a 
„5 
x R 
Number of AB 8. e. RS = x. r—p b 
experiments. | =r—p. € log ==— 
V3. 
7 13:27 | 913 1-038 8-41 4:80 


The poles being assumed to be the centres of the circles of 
contact made by the electrodes, 


r—p . R 
8. r—p 
JV. o 


Case 5. Both electrodes touching the edge. 


L becomes 3 log =38C; 2C=3:20. 


log 


r= 13°43 centims., p=°163 centim., 2 = 38. 


I 


| 
R 
Number of 5 
experiments. AD, Á s 5 "ai log AB 
V3. 0 
3 24˙9 12°42 983 12˙25 6:30 
1 16˙8 11-58 996 11˙25 6:34 
2 8-88 9:985 | 1-0065 9°54 6:36 
2 10-68 | 10:59 1016 10-043 6'36 
2 22-0 12°34 988 12:11 6:40 
5 26:56 | 13:35 969 13˙40 6˙79 


— — — 
* 


Mean]. . 6°49 


— — — — os 8 — — — — ͤ —ͥPũ4f— —j —— —— — 
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In this case, A and B being again taken as the middle points 
of the circular electrodes, 


AB R 


sa} =4C; 20=3:245. 
L becomes 4 log J 1 
Of = 
3. 
log 
53. Summary of mean values of 20 = 0810, 
TKO 
Date 1874. 1875 | 
No. of | No. of Mean. 
experi- 2C experi- 2C. 
ments | ments 
Case I. Both poles on : ohg , 
the edge 101 2:943 H 2-935 2°94 
Case 2. One in centre ; 
and one on the edge * 3-02 3 3-00 3-01 
Case 3. Both inside the a f 
dik eoat at: „ |a 10 323 | 3:18 
Case 4. One in centre 
and one touching the }] ggg ...e. 7 3:20 3°20 
Süsse goods 
Case 5. Both touching ; 
8 } “eum. dh ae, 15 3215 | 3-245 


— — 


It will be seen by this Table that the values of C deduced 
from the several sets of experiments are not quite constant. In 
explanation of the discrepancies, it is to be observed that the 
equipotential lines determined by the contact of the electrodes 
with the tinfoil did not agree quite strictly with equipotential 
lines due to the arrangement of poles assumed in calculating the 
values of L, except in the experiments (distinguislied as Case 1) 
where both the electrodes were on the edge of the disk. The 
differences between the results of these experiments and those 
with other arrangements of the electrodes are in the direction 
which would be caused by the actual departure from the theore- 
tical conditions. 

The discrepancy is greatest in Case 5, where both the elec- 
trodes fouch the edge of the disk. In this case the additional 
poles A’ and B', required in an imaginary unlimited continuation 
of the conducting shect in order to make the circumference of 
the disk a line of flow, would be points outside the circum- 
ference, but very near to it and to A and B respectively. If, for 
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an instant, we regard the electrodes as mere points whose dis- 
tance from the circumference of the disk is very small compared 
with its radius or with their distance from each other, the equi- 
potential lines for a short distance from A and B will be very 
nearly indeed a system of lemniscates (see Part I. § 86, at the 
beginning)—the node of the self-cutting curve, or lemniscate 
proper, being sensibly on the circumference. The circle of 
contact formed by each electrode may be regarded as approxi- 
mately representing one branch of such a lemniscate, if, instead 
of taking its centre for the actual pole (A or B), we take a point 
nearer the centre of the disk by (2 — 1) p, where p is the radius 
of the electrode. A recalculation of the experiments of Case 5 in 
this way reduces the mean value of 2C from 3:245 to 3°11; and 
a similar correction applied to Case 4 gives 2C=3:10 instead 
of 3°20. Thus corrected, the results of these experiments agree 
fairly with those of Case 1. 

54. Taking the mean value of 20 obtained with electrodes on 
the edge of the disk and multiplying it by 1 5 we get 

Se 
4:011, 

which ought to be the resistance of a square centimetre of the 
tinfoil used. For comparison with the value so found, the same 
quantity was determined by measuring the resistance of an ob- 
long strip of tinfoil, the electrodes being flat pieces of brass, 
firmly clamped down on the ends cf the strip, and making con- 
tact with its entire width. Five measurements, made with dif- 
ferent lengths of a strip 3 centims, broad, gave as the resistance 
of a square centimetre 


4:032, 
the unit being, as before (see & 52), 000155 ohm; and five 
measurements, with a strip 1'5 centim, broad, gave 

4:029. 
The mean of these determinations is 

4:031, 


which agrees closely with the value calculated from the experi- 
ments with the disks. 


— - esi — -— —„V— — 
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55. It seems proper to point out in conclusion, that Professor 
J. Clerk Maxwell indicated so long ago as 1856 (Brit.-Assoc. 
Report, 1856, Trans. of Sect. p. 12; see also, for fuller develop- 
ments, Camb. Phil. Trans. vol. x. p. 27) the fundamental idea 
of the method of treating questions relating to the flow of elec- 
tricity in conductors of more than one dimension which was used 
in the first Part of this paper,—and also to mention that problems 
presented by finite plane conductors, in cases which become un- 
manageable by the simple geometrical processes employed by us 
(as, for instance, the case of rectangular conducting sheets), have 
been solved by Jochmann (Schlömilch's Zeitschr. f. Mathemat. 
1865, p. 48) by a method founded on the superposition of the 
effects of separate poles, and by Heine (Crelle’s Journal, 1874, 
vol. Ixxix. p. 1) by an application of the geometrical principle of 
point-point correspondence (Abbildung) to Kirchhoff ’s results. 
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were admitted Members of the Society. 

(Council meeting only.) 


May 9th, 1874. 4 
Prof. GLADSTORR, F.R.S., President, in the Chair. 


F. H. Varier; C. E., S. Forsyta; J. R. Apams were admitted 
Members of the Society. | 


The following papers were read :— 

“On the Saltness or Freshness of the Ice formed on the Sea.” 
By Dr. Rar. 

On the Transportation of Boulders from below Ice to its surface.” 
By Dr. Rat. 

On the Fall in Pitch of Strained Wires through which a Galvanic 
Current is passing.” By Dr. W. H. Srone. 

“On a simple means of illustrating Wave Motion.” By Mr. W. 
S. Davis. 


May 23rd, 1874. . 


Prof. GTADbsroxR, F. R. S., President, in the Chair. 
F. E. Boventon, E. Ree; B. A., Rev. A. Freeman, M. A., were 
admitted Members of the Society. 
The following papers were read :— 


“On a Modification of the Astatie Galvanometer.“ By Mr. 
Ripovr. | 
«Qn an Absolute Galvanometer.“ By Prof. F. Gurunris, F. R. S. 
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June 13th, 1874. 6 
Prof. GTA DSToxR, F. R. S., President, in the Chair. 


The following papers were read :— 

“On an Apparatus for measuring Low Pressure of Gases.“ By 
Prof. M‘Lxop. 

“On an Arrangement by which the Coloured Rings of Uniaxal 
and Biaxal Crystals may be shown in a common Microscope fitted 
with the usual Nicol’s Prisms.” By Dr. W. H. Stone. 

Discourse On the Combination of Colours by Polarized Light.” 
By W. Srorriswoopz, F.R.S. 


Juno 20th, 1874. 4 


Prof. Gransroxg, F.R.S., President, in the Chair. 


R. J. Lecxy, F. R. A. S., Bası Woopp Smith, F. R. A. S., J. SrIRLIx G 
M. A., H. Tomttsox, B. A., R. Wormetr, M. A., D. Sc., A. C. Ran- 
Yard, C. W. SIEMENS, F. R. S., T. I. PRAR SALT, S. E. PHILLIPS were 
admitted Members of the Society. 


The following paper was read: — 

“On Attraction and Repulsion accompanying Radiation.“ By 
W. Cnook ES, F. R. S. 

Mr. Woopwarp and Prof. BARRETr exhibited Instruments to illus- 
trate the Interference of Sound. 


November 7th, 1874. 
Prof. W. G. Apams, F. R. S., Vice-President, in the Chair. 


The following papers were read :— 


“On an Instrument for Multiplying Small Motions.” By G. F. 
RopwEILL. 

„On Graphical Methods of treating certain Elementary Electrical 
Problems.” By Prof. G. C. Foster, F. R. S. 

„On Salt Solutions and Water of Crystallization.” By Prof. F. 
Guturir, F. R. S. 
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November 21st, 1874. “4 
Prof. GLADSToxE, F. R. S., President, in the Chair. 


G. Gairritus, M.A., W. Huecrns, LL. D., F. R. S., R. W. Oxes 
Vorskr, F. D. Brown, J. BaILLIR HAMILTON, R. MacCueanr, G. E. 
Wape, and ALBERT Macrin were balloted for and elected Members 
of the Society. 


The following papers were read :— 


“On a Modified Voltaic Battery.” By Prof. M‘Leop. 


“On the application of Wind to Stringed Instruments.” By J. 
BAILLIE HAMILTON. 5 


December Sth, 1874. 10 
Prof. GLADbSsroxE, F. R. S., President, in the Chair. 


E. Kıxcu and J. F. Wainer, M. A., were balloted for and elected 
Members of the Society. 


The following papers were read :— 

“ On a Strophometer.” By T. HRA RSOx. 

“On an Apparatus for determining the Coefficient of Expansion 
of a Solid Body.” By Prof. G. C. Foster, F.R.S. 


January 16th, 1875. 
Prof. Guapstonr, F. R. S., President, in the Chair. 


W. BorroxLxT, W. H. Perkin, F. R. S., and C. H. Lemann were 
balloted for and elected Members of the Society. 

The following papers were read :— 

„On the Electrolysis of some Metallic Chlorides.” By Prof. 
Grapstoneg, F. R. S., and A. TRIBE, F. C. S. 

“ On the Temperatures of Freezing Mixtures.” By Prof. GUTHRIE, 
F. R. S. 


MA 


January 30th, 1875. 2 
Prof. G. C. Foster, F. R. S., Vice-President, in the Chair. 


Mostyn J. Satter was balloted for and elected a Member of the 
Society 


PROCEEDINGS OF THE PHYSICAL SOCIETY. 5 


The following paper was read :— 


« On Electrical Theories.“ By Dr. A. SCHUSTER. 
Mr. C. Becxer exhibited a new Optical Bench. 


Annual General Mecting, February 13th, 1875. 
Prof. GLADsroxE, F. R. S., President, in the Chair. 


The following Report of the Council was read by the President :— 


For some years it has been a matter of regret among physicists 
that there was no Society specially devoted to the reading and dis- 
cussion of papers connected with their science. The Royal Society 
readily receives important physical papers ; but it is difficult to ex- 
hibit experiments, or to discuss them in detail, at Burlington House, 
and minor or unfinished papers are obviously unsuited for commu- 
nication to this, the chief of the learned Societies. 

A circular which Prof. Gurorie addressed in 1873 to the leading 
physicists elicited a gratifying number of replies, from which it was 
evident that many were ready to assist in the formation of such a 
Society, although there were various opinions as to the manner in 
which it should be constituted. It was, however, decided that it 
should not differ materially from other learned Socicties; and on 
February 14th, 1874, a General Mecting accepted the Rules drawn 
up by the Provisional Committee, and requested its Members to act 
as the Officers and Council for the first year. 

The Ordinary Meetings were commenced on the 21st of March 
under singularly favourable circumstances, as the Lords of the Com- 
mittee of Council on Education generously placed at the disposal of 
the Society the Physical Lecture-room and Laboratories at South 
Kensington, as well as the valuable apparatus they contain. The 
Society was thus enabled to conduct the Meetings and to provide for 
the experimental illustration of papers at a very moderate cost, and 
to offer the advantages of Membership for the small Annual Sub- 
scription of £1. The number who have hitherto become Members 
is 138, of whom 28 have paid the Composition of £10, which entitles 
them to Life-Membership. 

The Society has already to regret the loss of a gifted Member, 
Mr. W. S. Davis, of Derby, who died at the early age of thirty-two 
years. He was the Head-master of the Derby Central School of 
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Science; and during the last four years he taught with such skill and 
care that the study of physical science has been prosecuted with 
intelligent earnestness in the several classes he established. On the 
9th of May he communicated a paper “Ona simple means of illus- 
trating wave-motion.” 

Most of the papers the titles of which are given above have been 
printed in our Proceedings; and in accordance with an arrangement 
made with the Editors of the ‘ Philosophical Magazine,’ the original 
communications have the advantage of immediate publication in 
that journal. 

The first part of the Proceedings was issued in October last, and 
two or three such parts may be expected annually. 

The list shows that our papers have ranged over the sciences of 
Heat, Light, Sound, Electricity, Molecular and Mechanical Physics ; 
and in the wide field of Physical Science new facts are constantly 
being discovered and new forms of apparatus devised. There is 
therefore good ground for hope that the Physical Society will always 
be abundantly furnished with papers. 

The thanks of the Society are specially due to Mr. Srorrrswoopz, 
F. R. S., and to Mr. Bane Hamnorron, for discourses which they have 
delivered during the Session. 

The desirability of undertaking the translation of valuable papers 
published abroad is under the consideration of the Council; and they 
are in communication with Prof. Everert, of Belfast, as to pub- 
lishing an elaborate paper illustrating the Centimetre-Gramme- 
Second” system of units. 

The time of meeting has been carefully considered, as the Council 
were unwilling to add to the already numerous evening engagements 
of scientific men; and, on the other hand, were reluctant to encroach 
on the afternoon, which it is usual to keep as a holiday. Saturday 
afternoon has been chosen, but not without a fear that its selection 
may prove to be inconvenient to some Members. The Council feel, 
however, that on the whole the advantages of the time they have 
adopted outweigh the disadvantages; but they will in this, as in 
other things, hold themselves ready to carry out the clearly ex- 
pressed wishes of the majority of the members. 

Mr. Larmer Crazk, in his recent inaugural address to the Society 
of Telegraphic Engineers, has referred to the suggestion which has 
been made that there should be an amalgamation of the two 
Societies, as it is probable that they will often receive papers of 
common interest. The great difficulty in carrying out the proposed 
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scheme lies in the fact that electricity is only one branch of physics, 
and that the practical details of telegraphy have little interest for 
the majority of our Members. On the other hand the Council are 
not unmindful of the advantages which would attend a close relation 
with so large and influential a body as the Telegraph Engineers. 

The successful formation of our Society is only one indication of 
the attention which is now devoted to Physics; there is abundant 
evidence of the rapid rate at which its study is progressing in this 
country. The last Directory of the Science and Art Department 
shows that Electricity, Acoustics, Light, and Heat already attract 
nearly 20,000 students; and the number is increasing annually more 
rapidly than in the case of any other purely experimental scientific 
subject. 

It is only necessary to add that our Society has been recognized 
by the Government in the formation of the Committee for carrying 
out the proposed Loan Exhibition of Scientific Apparatus at South 
Kensington. 


The Society then proceeded to the election of Council and Officers 
for the ensuing year, and the following gentlemen were declared duly 
elected : 


President.—Prof. J. H. Giapstong, F. R. S. 


Vice-Presidents.—Prof. W. G. Apams, F. R. S.; Prof. G. C. FosrER, 
F. R. S. 


Secretaries.— Prof. A. W. REINOoID, M. A.; W. CHANDLER ROBERTS. 
Treasurer.— Prof. E. ATKINSON. 
Demonstrator.— Prof. F. Gurur, F. R. S. 


Other Members of Counoil.—Larn ER CTIARk, C. E.; W. CROOK ES, 
F. R. S.; Prof. A. Dupré; Prof. O. HExRICI, F. R. S.; W. Hudams, 
F. R. S.; Prof. H. M‘Lzeop; W. Srorriswoopk, F. R. S.; Dr. H. 
Sprencet; Dr. W. Srone; E. O. WIrrRHoOusk. 


After the names of the Officers and Council had been announced 
from the Chair, votes of thanks were proposed to the Lords of the 
Committee of Council on Education for affording the Society the use 
of the rooms and apparatus at the Physical Laboratory, South Ken- 
sington, to the PRESIDENT, and to Prof. GutHriz for his valuable 
services to the Society. 
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PROCEEDINGS 


AT THR 


MEETINGS OF THE PHYSICAL SOCIETY 


OF LONDON. 


SESSION 1875-76. 


February 27th, 1875. 


Dr. Guapsteng, President, and afterwards Mr. LATIMER CLARK, 
in the Chair. 


The following were elected Members of the Society :— 
WILLIAM Kerr; C. G. Morean. 


The following papers were read :— 

“ On a Method of Projecting the Sodium Spectrum on a Screen.” 
By T. WIIIꝭ. 

On the Lines of Flow and Equipotential lines in a Uniform Con- 
ducting Sheet.“ By Prof. G. C. Foster and O. J. Lope k. 


March 13th, 1875. 


Dr. GLA DS TOR, President, in the Chair. 


The following were elected Members of the Society 


Prof. J. D. Everett, D. C. L., F. R. S. E.; C. W. Cooxe; T. A. HRAR SON; 
Prof. A. B. W. Kennepr. 


The following papers were read :— 

“On the Electro-Deposition of Iron.” By W. C. Roserts. 

“On Salt Solutions and Attached Water.” By Prof. F. Gurunit. 
b 
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April 10th, 1875. 
Prof. G. C. Foster, Vice-President, in the Chair. 
The following was elected a Member of the Society :— 
Prof. W. ObILINd, M.A., F. R. S. 


The following paper was read :— 

“On the want of Achromatism of the Eye.” By Prof. H. 
M‘Leop. 

Modified form of Kaleidoscope. By R. Cowrzr; exhibited by 
Prof. F. GurnRIE. 

Modification of Thomson's Quadrant Electrometer; exhibited by 
W. J. WILSON. 


April 24th, 1875. 
W. Srorriswoope, Esq., in the Chair. 
The following papers were read :— 


‘On an Auxiliary Air-Pump.” By JERgy BaRrert. 
“ On some points connected with Wind Instruments.” By Dr. 
W. H. Sroxx. 


May 8th, 1875. 
Dr. GLADSTrONRE, President, in the Chair. 
The following paper was read 


Exhibition of Experiments on Attraction and Repulsion accom- 
panying Radiation. By W. Crooxss, 

„On the Determination of the Velocity of Light.” By Prof. 
Cornu, of the Ecole Polytechnique. 


May 22nd, 1875. 
Dr. Guiapstonr, President, in the Chair. 
The following papers were read :— 


„On a Revolving Polariscope.” By W. Srorrrswoopk. 

“ On a new form of Polariscope.” By Prof. W. G. Apams. 

“ On Fusion- points and Thermometry.“ By Dr. Mrz. 

“On the Electric Conductivity of Anthracite Coal.“ By H. 
BAUERMAN. 

„On an Apparatus to illustrate the formation of Volcanic Cones.” 
By Prof. Woopwarp. | 


PROCEEDINGS OF THE PHYSICAL SOCIETY. 11 


June 12th, 1875. 
Dr. Guapsrong, President, in the Chair. 
The following were elected Members of the Society :— 
The Lord LI DbSAT, M. P.; Prof. J. Sytvesrer, F.R.S.; Sir WILLIAM 
Tuomson, LL. D., D. C. L., F. R. S. 
The following papers were read :— 


“ On the Electric Conductivity of Glass.“ By WIID LAX WHITE- 
HOUSE. 


“On the Time required for the Double Decomposition of Salts.” 
By the Presrpent. 


June 26th, 1875 
Prof. G. C. Fosrer, Vice-President, in the Chair. 

The following were elected Members of the Society :— _ 
The Earl of Rossk, D. C. L., F.R.S.; Lovis SchwENDLER; R. S. Bgove n. 

The following papers were read :— 

“ On a method of measuring the Electrical Resistance of Liquide 4 
By W. J. WILSOx. 

„On the Subjective Phenomena of Taste.” By Dr. W. H. Stone. 

“On a new form of Micrometer for use in Spectrum Analysis.” 
By Dr. W. M. Warts. 

On the Fundamental Waves in Cylindrical Vessels.” By Prof. 
F. Gurarier. 

On a new form of Magneto-Electric Machine.” By S. C. TisLEr. 


November 13th, 1875. 
Dr. GLADbSTORR, President, in the Chair. 
The following paper was read :— 
On Thermopiles.” By Dr. W. H. Sroxx. 


November 27th, 1875. 
Prof. G. C. Foster, Vice-President, in the Chair. 
The following were elected Members of the Society :— 

Prof. Ossorne RETNOLDSs, M. A.; Prof. H. J. S. Samarra, M. A., LL. D., 
F. R. S.; Prof. R. B. CLIrrov, M. A., F. R. S.; C. Busx; J. M. 
THomson ; J. W. W. WacHorn; W. Esson, M. A., F. R. S.; F. W. 
Barty; and Prof. R. W. Emerson MAcIvon. 
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The following papers were read :— 
“ Description of Dr. Kzrr’s Researches on the Depolarizing Action 
of certain substances when under a powerful Electrical Tension.” 


By Prof. Gururtr. 
“On Stationary Liquid Waves.“ By Prof. GUTHRIE. 


December 11th, 1875. 
Dr. GIADsroxR, President, in the Chair. 
The following were elected Members of the Socicty :— 
C. Hieeins and S. P. Toomrson, B. A., B.Sc. 
The following papers were read :— 
“ On a Simple Chronoscope for Measuring Short Intervals of Time.” 


By O. J. Loper for Prof. G. C. Fosrrr. 
„On an Arrangement for limiting the Charge given to a Leyden 


Jar.“ By Prof. M‘Lrop. 


January 15th, 1876. 
Dr. GA DSTroxR, President, in the Chair. 
The following were elected Members of the Socicty :— 


Sir Davin ox RI Satomons, Bart.; AxrnHTR R. GRANVILLE; and 
Capt. ABN ET, R. E. 


The following papers were read :— 
“On a new Apparatus for exhibiting Wave Motion.” 


Woopwarp. 
“(On some recent Methods of Spectroscopy.” By J. N. Locx En- 


By Prof. 


January 29th, 1876. 
Dr. GA DbsroxE, President, and afterwards Prof. G. C. Fosrrr, 
Viee- President, in the Chair. 
The following were elected Members of the Society :-— 
Sir Jonx Cox RoOr, Bart., M. A.; and H. T. Burris. 


The following papers were read :— 
“On the Polarization of Electrodes iu Water free from Air.“ By 


J. A. FLEMING. 


„On the Photography of Fluorescent Substances.“ By the 


Presipent, . 
“On Etherie Force.” By S. P. Tnoursox. 


me ee 
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Annual General Meeting, February 12th, 1876. 
Dr. Guapstone, President, in the Chair. 


The following were elected Members of the Society :— 
W. R. Hopexinson and H. M. Hasttnas. 


The following Report of the Council was read by the President :— 


At the last Annual General Meeting the Council was able to draw 
attention to the success which attended the formation of the Society, 
and to point to some of the ways for employing its resources with 
advantage in the future. They have now the satisfaction of stating 
that the activity with which the Society commenced its work has 
been well sustuined during the past year, as is shown by the list of 
papers read, many of which have already appeared in the Proceedings. 

With reference to communications which are more of the naturo 
of lectures, the thanks of the Society are specially due to M. Cornu, 
of the Ecole Polytechnique—who, on the 8th of May, described and 
illustrated the methods he had adopted for measuring the velocity of 
light,—and to Mr. J. NoRMAN Lockyer, for his discourse on some re- 
cent methods of Spectroscopy, which was delivered on the 15th of 
January last. 

The number of Members has been increased from 138 to 169, of 

hom 35 have paid the Composition of £10, which entitles them to 
Life Membership. 

The election of many distinguished Physicists during the past year 
has given the Council much satisfaction, as it affords undoubted evi- 
dence of the progress of the Society and of the position it has now 
attained. 

The Society has to regret the loss of two Members, Mr. Becker 
and Mr. Waveu. 

Car. Lupwie CHRISTIAN BECKER was born at Ratzeburg, in the 
Grand Duchy of Mecklenburg-Strelitz, on the 16th of July, 1821. 
He received his general education at the Gymnasium of his birth- 
place, of which his father was Rector, and studied physical work with 
Repsotp at Hamburg, KRArr at Vienna, and STe1nHEIL at Munich. 
He came to London in 1849, and joined the firm of ELHOrr Brotuers 
in 1858. He was a Fellow of the Royal Astronomical Society, a 
“Lember of the Society of Telegraph Engineers, and an Original 

mber of our Society. Mr. Becker made a communication to the 
velety of Telegraph Engineers, in January 1875, on the Mance 
Heliograph ; and he read a paper to this Society on a new form of 


14 PROCEEDINGS OF THE PHYSICAL SOCIETY. 


Optical Bench. He will best be remembered for the beauty and 
delicacy of the scientific appliances he designed, and forthe untiring 
patience he displayed in constructing instruments to meet the special 
requirements of other physical workers. There are few of his con- 
temporary Physicists who will not feel that by his death, which 
occurred on the 3rdof April, 1875, from bronchitis, they have lost a 
willing helper and a valued friend. 

ALEXANDER WA vokR was grandson to the well-known Doctor of 
Divinity whose name he bore. He was born on the 29th of July, 
1836, and educated under Dr. Payne, late President of the College of 
Preceptors. From an early age he showed great love for physical 
science, and also for music—two tastes not uncommonly united. 

A course of lectures by Farapay in 1851 gave additional impulse 
to his studies in a scientific direction. He received from the great 
Physicist that kind attention and encouragement which were always 
granted by him to intelligent students. In 1855 Waveu entered at 
University College, and a few years later joined his father in an 
extensive Pharmaceutical business. 

His favourite subject was Optics, especially spectroscopic research 
and the laws of Polarized Light. A paper by him “ On the Spectrum 
of Polarized Light,” was read before the Chemical Society, and also 
brought under the notice of the British Association by Dr. GLADSTONE. 
In this communication, as early as 1857, he described the beautiful 
absorption-bands to be seen traversing the spectrum of a polarized 
ray transmitted through a doubly refracting film. He constructed 
an apparatus for their demonstration and measurement, thus in a 
measure anticipating the later researches of Srorriswoopk and Sorsy. 
He also constructed with his own hands one of the finest spectro- 
scopes yet made, in the manipulation of which he was singularly 
dexterous. 

The sudden death by drowning of his only brother gave his health, 
always delicate, a severe shock; but, though ordered perfect repose, 
he was unable to tear himself from his favourite studies. On the 12th 
of October, 1875, an epileptiform seizure, indicating that the brain 
was physically unequal to its mental activity, terminated in death 
before his fortieth year. He was, however, no unworthy pupil of his 
great master FARADAY. 

In the last Report it was stated that the Council was in commu- 
nication with Prof. Everert, of Belfast, as to the publication of an 
elaborate paper illustrating the Centimetre-Gramme-Second System 
of Units. This work, which was issued to Members in August last, 
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is based on the recommendations of a Committee of the British As- 
sociation, and consists of a collection of physical data concisely pre- 
sented on the above system, a complete account being added of the 
Theory of Units. 

The Council is now in communication with the family of the late 
Sir CHARLES WHETSTONE, with a view to the publication of his 
papers. 7 

At the last General Meeting the number of Members of Council 
was increased from 13 to 17, and an additional Secretary was ap- 
pointed—changes which have materially conduced to the efficient 
conduct of the Society’s business. 

During the last Session full abstracts of the papers and discussions 
have been furnished to the Scientific Journals by one of the Secre- 
taries, who still continues to edit these reports, the preparation of 
which has been intrusted to a Member of the Society, whose services 
the Council has had the good fortune to secure. 

A Committee of Council was appointed to revise the Bye-Laws, 
and it has proposed the changes which will be submitted to the 
Meeting today. This was considered necessary with a view to the 
formal registration of the Society in accordance with the provisions 
of the 23rd Section of the Companies’ Act (1862) Amendment, 30 
and 31 of Vic. Cap. 131, a—step which should not longer be delayed. 

The Council is fully sensible of the advantage the Society derives 
from the use of the Physical Lecture-Room and Laboratories which 
have been so generously placed at its disposal by the Lords of the 
Committee of Council on Education, to whom the best thanks of the 
Members are due. 

Friendly communications with other Physicists are of course most 
desirable ; and the Society has already effected an interchange of pub- 
lications with the Imperial University of Moscow and the Physical 
Societies of Paris and Berlin. The question of electing Foreign 
Members will receive due attention during the forthcoming Session. 

The question of creating Associates of the Society has been dis- 
cussed ; but it was considered preferable that the Council should seek 
power to grant admission, to all Meetings of the Society, to persons 
who are not Members. 

The Council desires, in concluding this Report, to record its grati- 
tude for the important services which Dr. Gururie has rendered to 
the Society. The Members will bear in mind that the office of De- 
monstrator was formerly an important one in the Royal Society ; and 
the Council believes that much might be gained if arrangements 
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could be made for reproducing, before this Society, the experiments 
described in original papers which appear from time to time in this 
country and abroad. 


Certain changes in the Bye-Laws were discussed and agreed to. 


Messrs. A. S. Hopson and W. H. Waren having been appointed 
Scrutators, 


The Society proceeded to the election of the Council and Officers 
for the ensuing year; and the following gentlemen were declared 
duly elected: 


President.—Prof. G. C. Foster, F. R. S. 


Pice-Presidents.— Prof. W. G. Apams, F. R. S.; W. SPOTTISWOODE, 
LL. D., F. R. S. 


Seoretaries.— Prof. A. W. REIx OLD, M. A.; W. C. Roperts, F. R. S. 
Treasurer. Prof. E. ATKINSON. 
Demonstrator.— Dr. F. GurkRTIR, F. R. S. 


Other Members of Council. — LATIMER Crank, C. E.; Prof. A. Dupré, 
F. R. S.; W. Hueeins, D. C. L., F. R. S.; Prof. H. M“ L EOD; Dr. C. W. 
Sremens, D. C. L., F. R. S.; Dr. H. SpRENORL.; Dr. W. H. Stone; Sir 
WILLIAIM THomsor, LL. D., D. C. L., F. R. S.; Prof. W. C. Unwin, B. Sc.; 
E. O. W. WRTTRRO USE. 


After the names of the Council and Officers had been announced 
from the Chair, votes of thanks were passed: — to the Lords of the 
Committee of Council on Education for affording the Society the use 
of the rooms and apparatus at the Physical Laboratory, South Ken- 
sington ; to the PRESIDENT; to Prof. GUTHRIE for his valuable services 
to the Society; and to the TREASURER and SECRETARIES. 
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PROCEEDINGS 


THE PHYSICAL SOCIETY | 


OF LONDON. 


I. On Salt Solutions andl Attached Water. 


By FREDERICK GUTHRIE ®. 


III. 
A few special Cryoyens and Cryohydrates. 


I HAVE, in the first place, to redeem the promise given in 
§ 89, and, by discussing the behaviour as cryogens and cryo- 
hydrates of a few peculiar salts, to complete one part of my 
undertaking. 

§ 105. Chloride of Calcium as a Cryogen. A. Crystallized 
CaCl, +3 H; O.—The heat liberated when anhydrous CaCl, is 
brought into contact with water interferes with, by diminish- 
ing, the manifestation of cold due to the proper liquefaction of 
the salt and of the ice when the two are brought together. 
Accordingly in experiments with chloride of calcium as a cryo- 
gen which are to serve as a guide to the temperature at which 
the formation of the eryohydrate may be predicted, we may 
conveniently begin with the crystallized salt. A seasonable 
fall of snow last winter enabled me to extend my experiments 
with the chloride of calcium, not only in regard to the relative 
quantity of the two constituents, but to the relative effects or 
snow and pounded ice, and to establish conclusively that the 
two are of quite equal power when used as one element of a 


© Communicated June 12, 1875. 
VOL. II. B 


PROCEEDINGS 


or 


THE PHYSICAL SOCIETY 


OF LONDON. 


I. On Salt Solutions and Attuched Water. 


By FREDERICK GUTHRIE ®. 


III. 
A few special Cryoyens and Cryohydrates. 


I mave, in the first place, to redeem the promise given in 
§ 89, and, by discussing the behaviour as cryogens and cryo- 
hydrates of a few peculiar salts, to complete one part of my 
undertaking. 

§ 105. Chloride of Calcium as a Cryogen. A. Crystallized 
CaCl, + 3 H; O.—The heat liberated when anhydrous CaCl, is 
brought into contact with water interferes with, by diminish- 
ing, the manifestation of cold due to the proper liquefaction of 
the salt and of the ice when the two are brought together. 
Accordingly in experiments with chloride of calcium as a cryo- 
gen which are to serve as a guide to the temperature at which 
the formation of the cryohydrate may be predicted, we may 
conveniently begin with the crystallized salt. A seasonable 
fall of snow last winter enabled me to extend my experiments 
with the chloride of calcium, not only in regard to the relative 
quantity of the two constituents, but to the relative effects or 
snow and pounded ice, and to establish conclusively that the 
oe are of quite equal power when used as one element of a 


* Communicated June 12, 1875. 
VOL. II. B 


2 FREDERICK GUTHRIE ON SALT SOLUTIONS y 
cryogen. The crystallized CaCl, + 3 H, O was finely powdered 
and placed in weighed quantities on the weighed snow or 
crushed ice in a beaker, the two being stirred continuously 
with the thermometer. Under these conditions the lowest 
temperature is quickly reached. 


TABLE XII.—Column (1) the weight in grammes of the pow- 
dered CaCl, +3 H; O, column (2) the weight in grammes of 
the powdered ice or snow, columns (3) and (4) the respective 
percentages of the two, column (5) the temperature. 


(1) (2) (3) (4) (5) 
CaCl, 3H O, Snow or ice, Per cent., Per cent., Temperature. 
grammes. grammes. CaCl, 3H O snow or ice. Centigrade. | 


! 


100 33 snow 75 25 —21 

100 50 snow 66°6 33°3 — 28 

94 60 ice 61-5 38-5 — 33 

ý { 75 50 snow 60 40 —32 

75 50 ice 60 40 — 32 

50 75 snow 40 60 227 

å 50 100 snow 33:3 66-6 — 24 
50 100 ice 33:3 66-6 —24°5 


From this, especially from the examples marked *, it ap- 
pears that snow and ice are of equal value as elements of cryo- 
gens, and that the greatest cold is obtained on mixing 38°5 
of ice or snow with 61:5 of the crystallized salt. This is the 
ratio between CaCl, 3 H; O and 5°74 H; O, or 4(CaCl, 3 H, O) 
and 23 H O or CaCl, and 8°74 H, O. 

§ 106. B. Anhydrous CaCl, as Cryogen.—Freshly fused 
CaCl, was finely powdered and mixed with finely crushed ice. 


AND ATTACHED WATER. 3 


TABLE XITI.—Columns (1) and (2) show the actual quantities, 
in grammes, taken of CaCl, and ice respectively; columns (3) 
and (4) show the percentages ; column (5) shows the lowest 
temperature reached ; and the numbers in column (6) show 
the temperature to which the mixture rose after all the ice was 
melted in those cases where the proportion of ice was least. 


DO, MH joj 0 
CaCl, lee. | CaCl, lee, | Lowest | Rose to 
‘grammes..grammes. per cent. per cent. 99 10 Cea | 
[es | TE RERE Sees 1 j 
| | 
| 50 50 , 50% 50% 733 , | 
7 50 75 | 400 60˙0 +10 to +18 
50 90 35:7 | 64:3 +4, 414 
50 95 | 345 | 655 | +3 „ +11 | 
| 50 100 33.3 | 667 „ 
50 125 28:6 71-4 —10 ! 
33-3 | 100 250 | 750 —13 | 
25 100 20-0 80-0) — 15 | 
20 100 16.7 | 833 -145 
166 100 14.2 | 88 —12 | 
| 200 140 125 | 875 —12 | 


Here the lowest temperature is reached at the ratio 1: 4, or 
about CaCl,+15H,O. We must not attach too much import- 
ance to the numbers of this Table, because, as before remarked, 
the liberation of heat when the anhydrous salt dissolves in, or 
rather combines with water, largely supplies heat for the lique- 
faction of the solid ice and salt. And accordingly, though the 
heat-quantity concerned may be deduced from knowledge of 
the quantity due to such combination and the specific heat of 
the solution and the heat of liquefaction of the ice, yet the tem- 
perature or heat-tension, being a function of the time or rate of 
liquefaction, cannot be so deduced. The caking of the chlo- 
ride is also a source of experimental difficulty. 

§ 107. dfonohydrated Chloride of Calcium as a Cryogen.— 
On baking the terhydrate of chloride of calcium a porous mass 
is left, which is used for the absorption of water in gases, 
This, though called anhydrous in commerce, contains about 
one molecule of water. And the presence of the water is be- 
trayed when the body is used as a cryogen. The chloride, 
finely powdered, was weighed upon snow or ice and stirred 
with the thermometer unceasingly. The higher ratios of frozen 
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water were ice, the lower ones were snow ; the two are con- 
nected together at the 50 per cent. ratios, marked &. 


TABLE XIV. 
CaCl, +H, O, Snow or ice, CaCl, H, O, Snow or ice, | Temperature, 
grammes. grammes. per cent. per cent. | Centigrade. 
100 33 snow 75 25 
100 50 „ 66:7 33°3 
75 50 „ 60 40 
150 50 „ 50 50 
1250 50 ice 50 50 
50 100 „ 33:3 66-7 
50 150 „ 25 75 
50 200 „ 20 80 
50 300 „ 14°3 85:7 
50 400 „ 1-1 88:9 
50 600 „ 77 92-3 


The margin of ratio for minimum temperature is consider- 
able. The minimum temperature itself is intermediate between 
the minima for CaCl, and CaCl, + 3 H, O. 

§ 108. The Cryohydrate of Chloride of Calcium. A solution 
of CaCl, 3 H; O, saturated at the temperature of the air (10° C.), 
was cooled to ~20° in snow and ice. The mother-liquor was 
then exposed to the carbonic-acid-and-ether cryogen. The 
temperature sank to —37° C. under continual separation of a 
transparent hydrate. At — 37 C. an opaque cryohydrate is 
furmed, and the temperature remains constant for a consider- 
able time. The opaque crystals, on being remelted, showed 
the following composition. By a silver-determination 6°6835 
contained 2°3365 of CaCl, This shows 36°45 of CaCl,, and 
exhibits the molecular ratio 


CaCl, ＋11˙8 H, O. 


Mixed Salts, as Cryogens and Cryohydrates. 

§ 109. Still bearing in mind the problem of sea-water, we 
may next consider the behaviour of mixtures of soluble salts, 
both as cryogens and cryohydrates. Even regarding salts as 
preserving the individuality of their metallic and non-metallic 
parts when mixed together, there isa variety of recomposition 
possible. Thus taking the typical salts AX and BY, we may 
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have A=B or X=Y. No double recomposition is possible 
in either of the latter cases. But there may still be formed 
double salts in which each metal is engaged with both non- 
metallic constituents. I suppose that in the present state of 
chemical knowledge it would be unwise to assert that any 
double salt is impossible, especially after the evidence which 
has been so abundantly given above that the body water is 
virtually pantameric. 

On the other hand, remembering the liberal margin of ratio 
between ice and a salt for the production of the normal or 
maximum cold, we shall get by examining the temperature of 
the cryogen of a mixture of salts and the temperature of their 
common cryohydrate, if they have one, a valuable and indeed 
unique insight into their molecular relation, in the sense of de- 
termining whether double salts or double recomposition ensues. 
At present I have confined my examination to the various cases 
of two salts. Of these a few typical examples are taken; and 
in the first place a pair of salts are examined which differ only 
in their metals. 

§ 110. Mixed Nitrates of Potassium and Sodium as Cryo- 
hydrate.—The salts were just fused, poured on a slab, crushed 
while hot, and bottled. The two salts were weighed in mono- 
molecular ratio; namely, of 

KNO, there were 33:666 grins. 
NaNO, 5 28:333 „ 

These quantities were mixed, completely dissolved in water, 
and allowed to evaporate at 13° C. till crystallization began. 
The mixture was then cooled in an ice-salt cryogen. At about 
+12° to +10° C. transparent crystals resembling KNO, 
began to form, and continued to do so as the temperature fell. 
At about —7° an opaque cryohydrate appeared. This went 
on till —10° C. was reached, when the whole was pasty. At 
—13° the mass was not yet dry. At —14°°5 it was nearly dry. 
At —16°5 to —17° it became perfectly dry. We find then 
that 

The cryohydrate of KNO; solidifies at — 2-7 
” ” NaNO; ” —17˙5 
8 equiv. mixture ,, — 7 to —17°. 
Hence it apponi that the presence of the nitrate of sodium 
lowers the temperature at which the cryohydrate of the nitrate 
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of potassium is formed, while the temperature of final solidifi- 
cation is virtually as low as when the nitrate of sodium was 
alone present. 

§ 111. Mixed Nitrates of Potassium and Sodium as Cryo- 
gen.—The powdered nitrates being mixed in the same propor- 
tion as in § 110, namely 11°22 grms. of KNO; and 9°44 grins. 
of NaNO,, and stirred with about 80 grains of crushed ice, gave 
a temperature of — 168. This is clearly again due to the 
more powerful cryogen NaNOs, which (§ 75) gave —16%5. 

§ 112. Mired Chlorides of Potassium and Sodium as Cryo- 
hydrate and Cryogen.—Taking the salts in monomolecular 
ratio, namely of 

KCl taking 18:625 

NaCl „ 14625 
dissolving in water and allowing it to stand until erystalliza- 
tion just began, a solution was obtained which solidified com- 
pletely at —21° C. On mixing the mixture of the same salts 
in the same proportion with crushed ice, the resulting tempe- 
rature was —21°°8. The temperatures in both cases are evi- 
dently governed by the action of the NaCl; for 

The cryohydrate of KCI solidifies at —11.4 


5 8 NaCl „ 22 

j j equiv. mixture, —21 
Temperature of KCl as cryogen — 10˙5 

$ NaCl - 8 5 — 22 

a equiv. mixture ,, —21 


There is so much difficulty attending the accurate separation 
of sodium and potassium that no method of analysis of them 
with which I am acquainted is free from the possible error of 
2 or 3 per cent. upon the quantity. Accordingly, for the 
quantitative study of the mixed cryohydrates or cryohydrate of 
the mixed salts, the following two simple ones were chosen. 

§ 113. Mired Chlorides of Potassium and Ammonium aa 
Cryohydrates and Cryogens. 

Of NH, Cl were taken 13:375 grins. 
„ KCl i 18:625 „ 

These were dissolved, mixed, and allowed to evaporate till 
crystallization just began. On cooling, solidification did not 
begin till —16°5 or —17°. The temperature remained for a 
long time at —17°; and when it had reached —18°8 the 
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whole mass was solid. Two analyses of the remelted last crop 
of cryohydrate were made. The solution was weighed into a 
covered Bohemian-glass basin, evaporated at 100° C. to dryness, 
kept in vacuo over sulphuric acid, weighed, gently ignited, and 
reweighed. 


grms. ; grm. . grm. 
(a) 4-035 of solution gave 0°9505 of total residue and 0°4890 KCl 
(b) 5˙817 5 1:3725 „ 3 0:7005 KCl 
So that the percentage compositions were :— 


a. b. Mean. 
KCI. . 12°12 12:04 12°08 
NH. Ci. 11°43 11:55 11-49 
H,O . 7645 76°41 76°43 


The molecular ratios are accordingly 


KCl 01608, NH, Cl=0-2148, and H, O=4:246, 
Or 


KCI 1:33 NH, Cl+ 26·4 H. O, 


3K CIT A NH. Cl+79-2 H, O. 


Since the water-worth of NH, Cl is 12°4 and that of KCl is 
16°61 (§ 88), we cannot look upon the compound body as a 
mixture of the two cryohydrates ; but we may perhaps regard 
it as consisting of seven molecules of the cryohydrate of chlo- 
ride of ammonium in which three molecules of ammonium are 
replaced by potassium. 

The possible precision in the analysis of the mixed chlorides 
of potassium and ammonium induced me to extend the exami- 
nation to the intermediate crops of cryohydrates. Accordingly, 
the dry salts being mixed as before in equivalent ratio, dis- 
solved, concentrated and cooled, five successive crops of cryo- 
hydrate were collected as soon as the temperature had sunk to 
— 165, the last being the mother-liquor. 


or 


— — 


5 
(1) (2) (3) (4) (5 (6) 
Solution 6:6090 58765 40540 68210 64720 65-0750 
Total residue .. 14810 1:3445 09375 15720 1:4960 1:2145 
KG] scandens 7870 06760 0:4630 0°7815 07410 0-5890 
Therefore 
KC. ies 1190 11:50 11-54 11:45 11-44 11:60 
NH,Cl ...... 10:50 11:37 11-58 1159 1167 12:32 


H, 0 77.60 77.23 7688 7696 76:29 7808 
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Hence it appears that the composition of the successive crops 
of cryohydrate is nearly unchanged. The later the crop, the 
poorer is it in water and potassium and the richer in ammo- 
nium. And the increase in the ammonium is greater than the 
decrease in the potassium. The same ratio of the same chlo- 
rides, when used as a cryogen, gave —18°. Accordingly 


The cryohydrate of KCI solidifies at —11.4. 


” ” NH, Cl ” —1⁵ 
P s equiv. mixture „ — 17 
and 
As a cryogen KCI gives —10°5 
x NH, Cl „ —16 
5 equiv. mixture ,, — 18 


§ 114. Mixed Nitrates of Barium and Strontium as Cryo- 
hydrates and Cryogens. 
7:05 grms. of Sr 2 NO;, 


and 
8-70 grms. of Ba 2 NO 


were dissolved, mixed, and allowed to evaporate to incipient 
crystallization. At —1°2 a cryohydrate began to form; and 
the whole was solid at —4°3. Employed as a cryogen, the 
same mixture of salts gave — 5:8. We have therefore 


The cryohydrate of Sr 2 NO; solidifies at. a6 


5 15 Br 2 NO; 5 08 
5 3 equiv. mixture solidifies at — 4 ˙3 
and 
As a cryogen Sr 2 NO; gives —6 
” Ba 2 NO; ” . . . 09 
i equiv. mixture gives. —5'8 


§ 115. Mixed Chlorides of Barium and Strontium as Cryo- 
hydrates and Cryogens. 
6:933 grms. of BaCl; 


and 


5:283 grins. of Sr Clg, 


both salts having been gently ignited, were dissolved, mixed, 
and evaporated to saturation. On cooling, a large quantity of 
transparent salt fell out above O°. At about —10° a cryohx- 
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drate began to form, and the whole was nearly solid at — 13.5 
to —14°. A small portion, however, remained liquid to 
—18°. 

Mixed with snow, the above salts in the above proportion 
lowers the temperature to —16°-7. Comparing as before, 


The cryohydrate of Sr Cl, solidifies at =i 


” ” BaCl, ” «= — 8 
5 5 equiv. mixture solidifies at —18 
and 8 
As a cryogen, SrCl, gives . 17 
l ” BaCl, 73 © e œ — 72 
5 equiv. mixture gives —16:7 


As it is almost impossible to separate barium and strontium 
with very great precision, and as it was highly desirable to 
compare the relative quantities in the cryohydrate in at least 
one other case besides that of § 113, I chose in the right place 
the— 

§ 116. Mixed-Sulphates of Sodium and Ammonium as Cryo- 
hydrates and Cryogens. 


6:6 grms. of (NH.) SO, 
7-1 grms. of Na; SQ, 


were dissolved, mixed, and allowed to evaporate to saturation. 
On cooling to 0°, acicular crystals were deposited (of sulphate 
of sodium). At —4°5 a cryohydrate began to form; the 
whole was solid and dry at —7°. On analysis, by evaporation 
to dryness and subsequent strong heating, the portion last to 
solidify was found in two specimens to have the following com- 
position :— 


and 


a. b. Mean. 
(NH.) SO, . 12°23 12°25 12°24 
Na, SO. 4°82 4°86 4°84 
HO... 82:95 82:89 82°92 


The molecular ratios are accordingly 


Na, SO, e e è >è œ 1 
(NH.) 80. e e o œ 2°42 
H, GG — i a 135:2 


4 Na, SO, + 11( NH.) 80. + 541 H, O. 


or nearly 
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As (§ 88) the water-worth of Na, SO, is 165°6, and that of 
(NH,) SO, is 10˙2, this cryohydrate can neither be regarded 
as a substitutive cryohydrate like that suggested in § 113 for 
the cryohydrate of the chlorides of potassium and ammonium, 
nor as a simply additive cryohydrate; for the joint water- 
worth is less than that of the ammonium salt alone. The double 
sulphate of sodium and ammonium is formed ; and this has the 
specific water-worth of 135:2 or (taking the higher molecule) 
of 541. 

That the two salts are not independent of one another, 
appears from their joint action as a cryogen; for mixed iu 
the above equivalent ratio and stirred with snow, they give 
—16°. Comparing the joint with the separate effects, 


The cryohydrate of (NH,): SO, solidifies at —17 


” L NaSO, 9 = 0˙7 
57 5 equiv. mixture solidifies at — 7 
and 
As a eryogen, (NH,), SO, gives. — 17.5 
9 Nag SO, y a SS 0:7 
55 equiv. mixture gives - 16 


It is manifest that the doubling of the salt is not taking 
place during the solution of its two constituents when their 
mixture is a cryogen, but that it takes place when from solu- 
tion they unite together in partnership with water as a cryo- 
hydrate. 

§ 117. Variation of both Constituents (AX + BY).—The fas- 
cinating hypothesis of Berthollet that double decomposition 
always partially ensues when two such salts as AX and BY 
are mixed, even when no removal from the chemical field takes 
place of any of the possible new bodies resulting from the re- 
combination, may be critically approached from the side of the 
eryohydrates with great profit. Let me put the question in 
two concrete forms, and indeed in two of the forms which I 
immediately propose to examine experimentally. 

Is a solution consisting of 


202 grms. of KNO, and 142 grms. of Na, SO, 


dissolved in water, identical with a solution consisting of 
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170 grms. of Na NO; and 174 of K, SO, 


dissolved in the same amount of water? 


If they are identical, does any one of the salts KNO,, 
NaNO,, K, SO,, Na, SO, exist as such in either solution? 

§ 118. Comparison between a mixture of 2NaNO; and 
KS O. and a mizture of 2KNO; and Na; SO, as Cryohydrates 
and Cryogene. 
33°666 grms. of KNO; 


and 
23°666 grms. of Na, SQ,, 


both anhydrous, were mixed, dissolved, and evaporated to satu- 
ration. This gave solution (1). Again, 


28:333 grms. of NaNO; 
and E 


29 grms. of K; SO, 


were treated in the same way. This gave solution (2). On 
cooling (1) and (2), they showed the same behaviour throughout 
and solidified to dryness at —5°. And accordingly there is 
so far nothing in their behaviour to disprove their identity. 
But this does not show that partial double decomposition has 
ensued in both cases to produce in each mixture a portion of 
the original synthetical constituents of the other. On the con- 
trary, a comparison of this experiment with those above dis- 
cussed (of the form AX + BX) goes very far to prove, not that 
there are four salts in each of the solutions 1 and 2, but that 
there is none of the original salts in either. For it has ap- 
peared that when AX and BX are mixed in solution, the tem- 
perature of final solidification is in no case sensibly above the 
temperature required for the solidification of that constituent 
whose solidification takes place at the lowest temperature. 
Now, if in solution (1) or (2) there were nitrate of sodium pre- 
sent, whether original or derived, the final solidification would 
not take place above —17° instead of —5° as found. The 
absence of nitrate of sodium argues forcibly for the absence of 
each of the other single salts. The most rational formula for 
such a mixture is the most empirical one possible. As we 
cannot intertwine the symbols into a monogram in three dimen- 
sions, I arrange them alphabetically, and denote either of the 
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solutions 1 or 2 by Hox KN, NaQa4108. I suppose the time 
will come when it will be held as illogical to consider that 
KNOz exists in a solution of nitre as it would be to regard a 
circle as a straight line which has been bent round. 

§ 119. The same salts as in § 118 were now taken, but not 
in equivalent quantity ; namely 


grnis. 8. 
For solution A there were 66 of Na, SO, and 87 72 of KNO,, 
3 B P 91,,K,SO, „ 85 „ NaNO, 


The salts, as before, were mixed, dissolved, evaporated to 
saturation, and cooled. The solutions being saturated at + 12°, 
were first cooled in ice for an hour. During this, two kinds 
of crystals separated from each in sensible quantity. On further 
cooling, the temperature became and remained constant at 
—5° up to solidification. The last liquid portions of A and B 
having been removed to separate vessels before final solidifica- 
tion, were examined as faras their proportion of sulphuric acid 
is concerned. 

The mother-liquor of A showed in 

2°277 grms. 
4205 grm. of ignited residue, 
which gave 2510 of BaSQ,, 
showing 0857 or 20:3 per cent. of SQ, in residue. 
The mother-liquor of B showed in 
2°434 grms. 
4320 grm. of residue, 
which gave 2390 „ of BaSQ,, 
showing ‘082 or 18:8 per cent. of SO; in residue. 

§ 120. Sulphate of Potassium and Choride of Sodium as a 
Cryohydrate——The behaviour of the mixture of these salts also 
points to the non-existence of either. e 

8:6 grms. of K; SO, 
5:85 „ NaCl 
(=K, SO,+ 2 NaCl) 


were dissolved, mixed, concentrated to saturation, and cooled. 
At first granular crystals fell out. A cryohydrate began to 
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form at —6°. The whole was dry at —12°5, whereas if 
NaCl had been present it would have required —22°. A 
mixture in the ratio K S0, ＋ NaCl behaved in a similar way, 
but was dry at —10° C. 

§ 121. Sulphate of Potassium and Chloride of Ammonium 
as a Cryohydrate.—Similarly to § 120, a mixture in equivalent 
proportions of K, SO, and NH, Cl became quite dry at —12°. 
The salt NH, Cl alone requires —15°. 

§ 122. In the subjoined Table the results in regard to mix- 
tures of salts as cryohydrates and cryogens are compared with 
the behaviour of their constituents in each capacity. 


TABLE XV. Cryohydrates and Cryogens of equivalent 


mixtures of two salts. 


Temperature of soli- | Temperature 
dification of each (of final solidi- Temperature 


Mixed salts. constituent as fication of as cryogen of 
eryohydrate. mixture as mixture. 
j cryohydrate. 

(a) (b) (a) (8) a+b a+b 
(1) KNO, ＋Na XO... — 26 —175 7 C405 
(2) KCl +NaCl...... —114 —22-0 —21 — 21 ·8 
(3) KCl ＋NH, CI... —114 —15˙0 —17 —18 
(4) Ba2NO, ＋Sr 2 NO.. — 03 — 60 — 43 — 58 
(5) BaCl, +SrCh....... — 80 —17˙0 —18 —167 
(6) (NH,).SO,+Na,SO,...) 170 — 07 a7 —16 
(7) 2K NO ＋ Na SO. . — 26 — 07 — 5 
(8) 2NaNO, TK. SO... 17.85 — 12 8 


(9) K, S0. +2NaCl...) — 12 22.0 125 


This Table furnishes examples of the three typical kinds of 
relationship between the constituent salts and the mixture of 
them; namely, 


(a) In (1), (2), (4), (5) there appears to be no relationship 
between the salts. Thermally, the mixture may be considered 
as a mean. The salt of lower solidifying temperature prevents 
the solidification of the cryohydrate of its associate. The latter 
in its turn prevents the extreme cold being quite reached 
proper to the former when alone. In these cases the mixture, 
when used asa cryogen, gives a temperature a little above that 
of its more deeply depressive constituent. When jointly forming 
a cryohydrate, the complete solidification takes place at a slightly 
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higher temperature than when the more strongly temperature- 
depressing constituent is alone. The variations from this may 
not be beyond the limit of observational error. 

(b) In (3) and (7) double salts must be formed ‘whose cryo- 
hydrates demand a lower temperature for solidification than 
does either of their constituents. 

(c) Finally, in (8) and (9) the temperature of complete 
solidification is far above the solidifying temperature of that 
constituent whose solidifying temperature as a eryohvdrate is 
lowest, where again (in 9) probably a double salt is formed, 
having, if our analogy hold, a greater water-worth than NaC] 
and a lesser one than K, SO,. 

Very remarkable is (6). Prone as the sulphates are to form 
double salts, we might indeed expect, as we find, a specific 
temperature for the cryohydrate. The difference of tempera- 
ture of a+b (6) when used as a cryogen (—16°C.) and when 
solidifying as a cryohydrate (—7°), a difference of 9° C., has 
at present its only counterpart in iodide of sodium ($$ 65, 68, 
69), which as a cryogen has the temperature —265, as a 
cryohydrate —15°, a difference of 11°5. Some chemists may 
not be unprepared for the suggestion that iodide of sodium 
may be in solution a double salt. To a few general considera- 
tions bearing on this and kindred points I may have to retarn 
subsequently. Meanwhile the general conclusion to be drawn 
from the above experiments is probably this. Nitrates of the 
alkalies and alkaline earths act together, but not in union (no 
double salts); chlorides may act in union with one another or 
with sulphates. Sulphates may act together or with chlorides 
or even with nitrates. The agreement of the composition of 
the several crops of cryohydrates of (3) (§ 113), which points 
to the relation of almost exactly 3KCl+4NH, Cl, shows that 
in the society of solid water these chlorides have mutual equi- 
valents, which, if not in simple relation to their so-called atomic 
weights, are yet equally definite and constant. 

I have again to acknowledge my indebtedness to Mr. R. 
Cowper, who has been good enough to give me great assistance 
in the above experiments. 
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II. On the Polarization of Electrodes in Water free from Air, 
By J. A. FLEMINd, B. Sc. (Lond.), F. C. S., Science Master 
in Cheltenham College. 


In the Electrical News’ for September 2, 1875, I published 
a short paper, previously read at the Meeting of the Bri 
tish Association at Bristol, entitled“ The Decomposition of an 
Electrolyte by Magneto-electric Induction.” In it experiments 
were described showing that when an electrolyte (viz. dilute 
sulphuric acid) flows in a very strong magnetic field, the elec- 
tromotive force generated by its motion effects the electrolysis 
of the liquid, such electrolysis being held to be proved by the 
subsequent polarization of the electrodes. Noactual liberation 
of gases was observed, since the electromotive force brought 
into play was insufficient to effect freedecomposition. At the 
time it was read Professor H. A. Rowland raised certain 
doubts as to the correctness of the conclusions drawn; and his 
remarks were published, appended to my paper, in the Elec- 
trical News.“ As these objections would, if correct, have de- 
prived the experiments entirely of any little interest they might 
otherwise have had attaching to them, it was obviously neces- 
sary to examine them carefully. 

Professor Rowland’s remarks amounted practically to saying 
that he thought the electrolyte was not really decomposed, but 
that the polarization observed was in some way or other due to 
the presence of dissolved air, and that in air-free liquid the 
effect would not have been observed, at any rate with the elec- 
tromotive force (about gh of a Daniell’s cell) which came 
into play. 

To meet these doubts two very definite questions have to be 
examined. 

(i) In air-free water, can platinum electrodes be polarized 
by very small electromotive forces to the same degree and with 
the same facility as in ordinary aerated water ? 

(ii) Is this very feeble polarization really a decomposition 
of the electrolyte ? 

If the following facts are held to give an affirmative answer 
to both the above questions, the objections raised are invalid 
and may be dismissed. 
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To test the first point, it was necessary to compare the effect 
of a small known electromotive force acting through platinum 
electrodes, first in air free, next in aerated acidulated water, 
under identical conditions. In the former experiments the 
electromotive force was generated in the liquid by its motien ; 
for my present purpose it was sufficient to act on it by an e.r- 
ternal electromotive force of measurable amount, since it is 
obvious the results hold good no matter how it is produced. 
The arrangement consisted of the following parts. 

The decomposing cell or voltameter was a glass tube 30 cen- 
tims. long, 2} centims. wide, stopped at one end by an india- 
rubber stopper, through which passed two platinum wires 
having welded to them on the interior platinum plates 8 cen- 
tims. long, 2 centims. wide, placed so as to lie against the walls 
of the tube. The other end of the tube was connected by a 
narrow tube with the Sprengel pump. The platinum plates 
having been rendered chemically clean, the tube was three 
parts filled with dilute sulphuric acid, which had been previ- 
ously boiled for six hours so as to expel some of the dissolved 
air. A vacuum was then made in the voltameter; and the ap- 
paratus remained untouched for five days, the pumping being 
carried on at intervals and continued during the experi- 
ments. 

To obtain a small electromotive force a well-known method 
was made use of. A Wheatstone’s bridge had its branches 
filled up with previously measured resistances, and the other con- 
nexions made as in the figure (p. 17). Between the points P 
and Qany small difference of potentials can be produced whose 
value is known when the distance z Q of the block from the 
point of equilibrium « is known. The galvanometer employed 
was a very sensitive mirror-galvanometer, with short neeale 
and a long suspending fibre. The image ofa fine wire across 
the slit was reflected on to a scale in the usual way, and the 
image viewed through a telescope placed behind the galvano- 
meter. By this means it was found possible to detect and 
read deflections of the needle amounting only to Ng of a degree 
with great ease. With this delicate arrangement it was a 
matter of great difficulty to get the platinum plates perfectly 
neutral. The last traces of polarization from previous experi- 
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ments subsided with extreme slowness. The following opera- 
tions were then performed :— 


W. Wheatstone’s bridge. 
Daniell's cell. 

| Tangent-galvanometer. 

. Voltameter. 

- Mirror-galvanoscope. 
Key. 

Tube to Sprengel pump. 


RO tty 


(i) The electrodes were made perfectly neutral. 

(ii) The galvanometer excluded from the circuit, and a direct 
current sent through the decomposing-cell for one minute. 

(iii) The polarization measured by the swing made by the 
galvanometer-needle when the electrodes were suddenly con- 
nected with it. 

(iv) The swing or excursion made by the needle when the 
same direct current was started through the cell and galvano- 
meter in one circuit, previously bringing the platinum plates 
to a neutral condition. 

VOL, II. 0 
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The first colamn in the subjoined Table gives the bridge- 
reading, the second the electromotive force which this is equi- 
valent to in absolute units (C. G. S.), the third the swing of 
the needle with the direct current (charging), fourth the same 
with the polarization current (discharge). 


TABLE I. — Polarization in Acidulated Water free from Air 
and kept in racuo. 


| Excursion of needle in 
degrees or fractions. 


2. 
— 
z. 
J 
? 


Electromotive 
reading. force. To 
Direct current. Polarization | 
| current. 

, Ba oe n - i 
275 12110 4 barely. | 
280 18165 2 4 nearly. 

285 22220 Pan full. 

2090 30275 ' nearly. 

300 42385 . i 

310 54495 14 | 
320 656605 2 § nearly. | 
330 78715 2} 5 
340 900825 | 
350 102935 3 2 i 

; 400 115045 N 5 | 1 | 

450 224035 7 | 1 

500 284585 | 10 2 | 

7 -l 


Sincea Daniell’s cell is about 100,000,000 units in electro- 
motive force, the above Table shows that, with the galvano- 
meter employed, the least electromotive force which, acting 
for one minute under these circumstances on platinum plates 
of 16:39 centims. surface, would leave a detectable polarization, 
was about gyo of a Daniell’s cell. 

The observations having been repeated several times with 
the same results, the dilute acid was then removed, and tho- 
roughly aerated by shaking it up with air under pressure, and 
by bubbling air through it for some time. This aerated water 
was then returned to the voltameter, all other arrangements 
remaining the same, and the same observations repeated in this 
case as in the last. The results are appended. 
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Taste IJ.—Polarization in Acidulated Water thoroughly well 
aerated. 


—— —— — — — — — — amua auŘŮe 


| Excursion of needle in | 


Bridge- Electromotive degrees or fractions. | 


| 
reading. | force. RF Oe Re ae ae 

| | Direet current. | Poon | 
JJJrͤö;öX[ TIN A een 
| | f o 

275 12110 4 barely. 3 
280 | 18165 ! 
s 2220 k | barely. 
| 230 | 30275 7 | 
2300 42385 1} | barely 
310 51495 14 $ | 
320 66605 2 barely. | 9 | 

330 78715 2 1 barely. | 
340 90825 N Las ) 
350 102935 3 | 1 
400 115045 5 | 1 | 
450 224035 7 14 | 
6500 281555 10 23 | 


— — ~- — — — — — — —— — — —— — —— — — 


An examination of these two Tables shows that there is very 
little difference between them which cannot properly be ascribed 
to errors in observation. There is no difference in the mini- 
mum electromotive force which could give in each case a visible 
polarization with the galvanometer employed. But now there 
was one very striking difference between the two sets of expe- 
riments, not shown in the Tables, viz. the time required after 
each experiment for the polarization to subside. In the case 
of the aerated water, the polarization disappears very much 
more quickly when the plates are short, circuited than in the 
case of the air-free water. With this latter it was most trouble- 
some to get rid of the last traces, even with the smallest pola- 
rizing currents. This has been previously noticed and ex- 
plained by Helmholtz*. It is, however, a point not involved 
in our present considerations. 

A consideration of these observations leads apparently to the 
conclusion that the presence of air in the water has no effect in 
creating or assisting the polarization of the electrodes under a 


Phil. Mag. [IV.] vol. xlvii. p. 152, Dr. Helmholtz “On Galvanic 
Polarization in Liquids free from Gas.” 
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feeble electromotive force (it is difficult to see any reason 
why it should), although it has a great effect in removing it 
when once formed. The process called by Helmholtz electro- 
lytic convection, and in which dissolved air is essential, is the 
consequence and not the cause of polarization. 

It is not true that it requires any definite electromotive 
force to begin to polarize electrodes in air-free water; any elec- 
tromotive force, however small, will do it. Its detection is only 
a question of a sufficiently delicate galvanometer ; and we may 
therefore say that any electromotive force, however feeble, act- 
ing on platinum electrodes, builds up a corresponding amount 
of polarization equally in air-free as in aerated water. But no 
liberation of free gas is possible under these circumstances, 
until the external electromotive force just exceeds the counter- 
electromotive force of the electrodes when polarized to their 
fullest extent. | 

With regard to the second question, whether polarization, 
however small, means literal chemical decomposition, I am not 
aware that it has ever been called into questiom. There is 
abundant evidence to show that it is not a mere physical state 
of the chemically unaltered electrolyte, but that there is some- 
thing deposited on the electrodes which can only be the pro- 
ducts, primary or secondary, of electrolysis. Although a vol- 
tameter charged by a weak electromotive force resembles very 
closely a condenser, yet there is something very different be- 
tween the state of strain or electrical displacement in a con- 
denser’s dielectric and the electrolyte after having had a current 
passed through it. 

That even very feeble polarization does really in every case 
consist in the deposition of products of an unseen electrolysis 
in or on the electrodes receives support, in addition to many 
other facts, from the following :—Platinum plates were placed 
in the inside of a vertical glass tube, and made to communicate 
with the outside by wires sealed through the glass. The tube 
was so arranged that dilute acid could be made to flow down 
through the tube from a reservoir, without the plates being ever 
exposed to air. The tube being full of acid, the platinum 
plates were now polarized feebly. If the acid was allowed to 
flow out slowly, so as to gradually replace the liquid which was 
between the plates when polarized by other fresh acid, the 
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plates gave, on discharge, a nearly equal current to that which 
they would have given if no replacement had been made ; but 
if the liquid was made to rush down violently and then stopped, 
little or no polarization was found, provided the plates had been 
only slightly polarized. If the plates were defended by strips 
of cloth laid over them, no such removal was effected by the 
liquid rushing down. This all seems to indicate that there is 
something on the plates which can be wiped off mechanically. 
This can only be the products of electrolysis. This experiment 
has no analogy in a condenser. These and many other facts 
seem to point out that polarization is in all cases only unseen 
electrolysis. 

In conclusion I cannot but think that the objections raised 
to the former experiments were groundless, and that, when it 
is found that a stream of acidulated water flowing down between 
the poles of a magnet polarizes platinum plates placed in it, we 
are entitled to call it chemical decomposition, since it would 
only be necessary to exalt the magnet’s power and increase the 
velocity of flow in order to see, under certain precautions, the 
liberated gases streaming from the plates. 


III. On a new Form of Wave-apparatus suitable for the 
Lecture-room. By C. q. WOOD wWARD, B. Sc.“ 


The apparatus about to be described illustrates the motion 
of the air-particles when a sound-wave is propagated, and also 
the motion of the æther molecules in a wave of plane-polarized 
light. 

Wave motion consists in the repetition by a number of par- 
ticles of some prescribed motion which is given to the first of 
the particles and taken up successively by the others, a certain 
interval elapsing between the successive motions. If, for ex- 
ample, we have a number of pendulums of equal length hang- 
ing from a beam, but their lower ends supported so that they 
are out of the vertical, we shall find on releasing one of them, 
say the left-hand end one, it will commence swinging to and 
fro; by the time the first pendulum has gone over one fourth 
of its path release the second, and then after equal intervals 
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the third, fourth, &c., and a wave motion will be produced. If 
each pendulum was drawn aside in a line at right angles to the 
beam from which they are suspended, a wave corresponding to 
a ray of polarized light will be produced; but if each had 
been drawn aside in the same plane as that of the beam, a 
wave corresponding to that of a ray of sound would be obtained. 
We require, then, in order to illustrate these waves, merely a 
row of pendulums and some arrangement for releasing them 
in succession. 


The apparatus I have used is represented in the figure. A, A 


Plane wave produced by placing the pendulums in the compartments 
of the box C and releasing them in succession by lowering the box. In 
the figure the last ball is about leaving the box. 


are two uprights about 10 feet high, with a crosspiece B fast- 
ened firmly to them. At intervals of 3 inches along this cross- 
piece are inserted violin-pegs, each peg carrying a light string 
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with a heavy ball of 1 inch diameter attached. Before fastening 
the strings to the violin-pegs, each string is passed through a 
small hole in the projecting base of the crosspiece, so that the 
length of the pendulum is determined by the distance of the 
ball from the base of the crosspiece. C is a light wooden box 
deeper at one end than at the other, with a number of compart- 
ments corresponding to the number of pendulums. The box 
C is attached at the ends to two radial arms, one of which, D, 
is seen in the figure. Cords are also attached to C running 
over pulleys, by which the box C may be raised and lowered. 
These cords would confuse the figure if introduced ; and their 
action can be easily realized. 

Suppose it be wished to illustrate a plane wave. The box 
C is raised, and the pedulums are placed one in each compart- 
ment so that they are all drawn on one side. By means of the 
cords the box C is gently lowered, when the pendulums are 
successively released and the wave formed. 

To illustrate the sound-wave, the box C is removed from the 
radial arms and is hung vertically underneath the crosspiece 
B; one or two of the pendulums (to the left, say) are removed, 
and the others placed in the compartments as before ; only now 
each pendulum, instead of being drawn from under the cross- 
piece, lies still underneath, but to the left of the vertical line let 
fall from each point of support. On now allowing the box to 
fall slowly, the pendulums are released successively and a wave 
of condensation and rarefaction is formed. 

In conclusion I should acknowledge the assistance of Mr. H. 
F. Marshall, of Birmingham, who has rendered great service in 
simplifying the mechanical arrangements of the apparatus. 


Birmingham and Midland Institute, 
January 1878. 
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IV. On some Problems connected with the Flow of Electricity in 
a Plane. By OLIVER J. Lover, B. Sc.“ 


The following paper may be regarded as a sort of appendix 
to a paper by Professor G. ©. Foster and myself, entitled 
“On the Flow of Electricity in a uniform plane Conducting 
Surface,” and published in the Philosophical Magazine for May, 
June, and December 1875 ({IV.] vol. xlix. pp. 385-400 and 
453-471, and vol. I. pp. 475-489), in which the known laws 
of the flow of electricity in an unlimited plane were deduced 
from the fundamental idea that the effects of any number of 
poles could be obtained by simple summation of the effects due 
to each pole separately, without using any mathematics higher 
than elementary algebra. Several questions arose in the course 
of the paper which it was not thought advisable to consider 
then, but some of which seemed to deserve a separate treat- 
ment; these are the subjects I propose to develop in the pre- 
sent communication. 

§ 1. Imagine a plane sheet, some portions having infinite 
conducting-power, other portions consisting of ordinary matter, 
and again other portions possessing infinite resisting-power. 
The whole extent of any of the infinitely conducting regions 
will have a uniform potential; and hence the bounding line 
between any such region and the ordinary matter of the sheet 
must be an equipotential line. Further, if one defines a line 
of flow or stream-line as a line across which no electricity passes, 
the boundary line between the ordinary matter of the sheet and 
an infinitely resisting region must be a line of flow, for no elec- 
tricity can possibly get across it. Such a sheet will therefore 
contain a certain number of flow-lines and a certain number of 
equipotential lines. Moreover let the potential of any one of the 
conducting regions be maintained higher than that of some 
other one, then in general a uniform flow of electricity will 
take place throughout the whole of the ordinary matter of the 
sheet, which will therefore contain additional stream-lines and 
equipotential lines, whose arrangement will depend on the situa- 
tions and potentials of the various non-material regions. 

Some general properties of the equipotential and stream- 

* Read on the 26th of February and the25th of March, 1876. 
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lines were pointed out in § 35 of the paper referred to. One 
of these properties is, of course, that the lines of one system cut 
the lines of the other orthogonally; a more general statement 
is the following. If a flow-line passes n times through a given 
Point of the sheet, it will form at that point an equiangular 


pencil whose 2n rays meet each other at an angle = and if no 


pole exists at the meeting-point it will be a point of no flow, 
and an equipotential line will also pass n times through the same 
point, making an equiangular pencil the same in all respects as 


the former, but turned through an angle of 285 so that its rays 


bisect the angles of the first pencil. The ordinary orthogonal 
section is the special case of this when n=1. The special case 
n= is obtained if, in the sheet imagined above, one of the 
conducting regions touches one of the resisting regions along 
a line ; when this happens, the line separating the two may be 
regarded indifferently as a stream-line or as an equipotential 
line. 

There are then two ways of making any given line a stream- 
line—viz. either by arranging the non-conducting regions so 
that the line shall bound one of them, or else by arranging the 
conducting regions and their potentials in such a way that 
none of the flow of electricity shall take place across any por- 
tion of the given line. Similarly any line may be made an 
equipotential line, either by making it bound a region of infi- 
nite conductivity, or else by adjusting the potentials and posi- 
tions of these same regions so that no part of the flow shall take 
place along the given line. 

Such a sheet as we have imagined can be approximated to 
by a piece of tinfoil cut to any shape, with any number of holes 
in it, and having on its surface blocks of clean copper which 
are connected with a thermo-pile or other means of maintaining 
constant difference of potential. 

§ 2. The conditions of flow in such a sheet, however, are in 
general unknown. But if intinitely resisting regions are absent, 
and if the infinitely conducting regions are reduced to mere 
points of infinite potential, we get the case of an unlimited 
sheet containing point poles ; and in this all the conditions of 
the flow are completely known for every point of the sheet. 
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Thus the potential at any point distant 7,, 7,... from the poles 
which emit quantities of electricity 91, 92 . in unit time, and 
which tend to produce potentials ¢,, Gz. . at unit distance 
from themselves, is (§ 33 of the former paper) 


1 
V=2¢6— Fad 27 log Pye è œ . 8 (A) 


where 6 is the thickness and « the specific conductivity of the 
sheet; and from this expression stream-line equations and 
resistance expressions follow. 

So, then, the problem of finding the flow conditions in any 
bounded sheet containing point poles will be solved if we can 
imitate the electrical boundary conditions in an unlimited sheet 
by introducing extra point poles into it. These additional poles 
are called images in the boundary, because they produce the 
same effect in the given portion of the sheet as the boundaries 
themselves produced—just as the illumination inside a mirror- 
walled room containing candles would be imitated in unlimited 
space by placing extra candles at all the points occupied by 
the images of the original candles in the mirrors. 


Images in rectilinear boundaries. 


§ 3. Now let it be required to cause a given straight line in 
an infinite sheet of tinfoil to be a stream-line. All that is ne- 
cessary is to arrange all the blocks of copper in the sheet sym- 
metrically with respect to this line ; that is to say, they must 
either be placed symmetrically upon the line, or they must 
be placed in pairs one on each side of it and at equal distances 
from it. It is usual to express this fact in the inverse way 
thus :—The image of a pole in a straight flow-line is a pole of 
the same sjze, shape, and strength, and situated at an equal 
distance on the other side of the line so as to be opposite to the 
first pole. 

Again, in order to make a given straight line into an equi- 
potential line, the blocks must be arranged skew-symmetrically 
with respect to the line—that is to say, in pairs one on each 
side of it and at equal distances from it, but the sign of one of 
the constituents of each pair must be opposite to that of the 
other. This fact is expressed thus :—The image of a pole in a 
straight equipotential line isa pole of the same size, shape, and 
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numerical strength, but of opposite sign, and situated at an 
equal distance on the other side of the line. 

Hence, if we have given a sheet of tinfoil bounded by a 
straight edge (i. e. by a straight flow-line) and with any distri- 
bution of poles in it whatever, and we wish to tind the distri- 
bution of poles which would make that straight line a flow- 
line in the unlimited sheet, we have only to regard the line as 
a plane mirror whose silvered face is turned towards the sheet, 
and the optical images of the several poles will give the distri- 
bution required. The distribution of poles will be obtained in 
the same way if the boundary is a straight band of copper (i. e. 
an equipotential line); but in this case the sign of every image 
must be reversed. 

§ 4. Now take a sheet bounded by two straight flow-lines 
intersecting one another at any angle @: every pole in such a 
sheet will be reflected backwards and forwards between the 
two edges according to optical laws ; and hence it should have 
a finite series of images lying on a circle and agreeing with 
those in the kaleidoscope, the reflection coming to an end as 
soon as a couple of images fall in the space which is behind 
both mirrors. But here arises a difficulty. When @ is a sub- 
multiple of , the last couple of images coincide and the whole 
set is symmetrical with respect to both the straight lines, as is 
required. But if @ is not a submultiple of , all that happens 
in the case of the kaleidoscope is that the last two images sepa- 
rate, the apparent number of images being simply increased 
by 1. But now the images are not arranged symmetrically 
with respect to both the straight lines, and hence they cannot 
both be flow-lines. In order to obtain symmetry, it is neces- 
sary to continue the reflecting process as if the back of the 
mirrors were silyered as well as the front ; and in that case, of 
course, the number of images becomes infinite. But then some 
of these infinite images will fall inside the angle @ (that is, will 
come into the sheet itself), which will be inconsistent with the 
given distribution of poles in the sheet. Hence it appears to 
be impossible for the uniform infinite sheet to contain two 
straight flow-lines which enclose any angle but a submultiple 
of m, unless the poles are put infinitely close together, forming 
a complete circular ring whose centre is at the intersection of 
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the two lines; and in this case every straight line drawn in the 
sheet from this centre is a flow-line. 

Another way of expressing the facts is to say that both sides 
of every flow-line are to be regarded as mirrors, and its images 
as always infinite in number though often coincident with one 
another, and that the problem of reducing the bounded case 
to that of the infinite sheet becomes impossible whenever the 
images reflected back into the sheet itself do not coincide both 
in sign and position with the images already there. Similar 
statements are true of the images in a pair of intersecting equi- 
potential lines. 

Another distinction between optical and electrical reflection 
is, that when two optical images coincide their light-emitting 
powers are added, but, in the electrical case, coincidence of one 
image with another does not increase its strength. These dif- 
ferences appear to forbid our imagining that there is any phy- 
sical meaning in electrical reflection at boundaries analogous 
to the physical reflection of the waves of light in a mirror. 

§ 5. Consider now the images of a point inside a polygon of 
n sides. We have seen that, without silvering both faces of the 
boundaries and thereby introducing an unconscionable number 
of images, some of them real, we can only treat angles that are 
submultiples of m by the method of images. Hence obtuse angles 
less than are not allowable. This condition at once excludes all 
polygons of more than four sides; for as the largest interior angle 
n—2 


of a polygon of n sides cannot be less than m, and as it 


must be less than or equal to 75 it is necessary that n shall be 


equal to or less than 4. And if n=4, the polygon must be 
equiangular, that is, must be a rectangle. If n=3, the tri- 
angles whose angles are submultiples of r are the equiangular, 
the isosceles right angled, and the one whose angles are 90°, 
60°, and 30°. The pseudo-triangle whose angles are 90°, 90°, 
and 0° is also a possible case, and is treated below as a special 
case of the circular sector. 

I have not mentioned the case when ~ itself is one of the 
angles of a polygon, because this merely reduces the polygon 
to one of n—1 sides ; but there is the case of the equiangular 
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polygon with all its angles r, viz. the circle, about which a 
little shall be said later. 

The images of a point in a rectangle occur in groups of four 
surrounding the vertices of rectangles whose linear dimensions 
are twice those of the original one, and which cover all the 
plane. | 

The images of a point in an equilateral triangle occur in 
groups of six surrounding the vertices of triangles J times 
the linear dimensions of the original one, and covering all the 
plane. 


Application of images to certain cases of bounded plates. 


§ 6. Now although the potential of any point is really deter- 
mined by (A), § 2, as soon as we know the positions of all the 
images in the shect, the expression is not in a practicable form ; 
and it would not in the majority of cases be readily possible to 
bring it to such a form. The way to proceed in such cases is 
to consider what is required of the potential, and then to write 
down a function of x + iy, 


WS VI Ui, 


such that the real part satisfies all the conditions required of 
the potential function, viz. to remain together with its deriva- 
tives continuous and finite all over the sheet except at the poles 
and their images, where it is to become infinite like glog r, 
to fulfil certain given conditions at the boundary, and to 
satisfy the equation 

GV MV 0 

da + 5 


This being done, V= const. will represent the equipotential 
lines, and, U = const. the stream-lines, and the components 


al 7 97 of the flow at any point can be obtained. In this way 


Dr. E. Jochmann“ has expressed all the conditions of the flow 


in a rectangle, bounded either by stream- lines or by equipoten- 
tial lines, or by both. 


Ueber einige Aufgaben, welche die Theorie des logarithmischen 
Potentials und den Durchgang eines constanten elektrischen Stroms durch 
eine Ebene betreffen, von Dr. E. Jochmann in Berlin. Schlömilch, Zeit- 

schrift fur Mathematik, 1865, p. 48. 
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§ 7. But though the potential expression (A) is often of 
impracticable form, the expression for the resistance of a con- 
ductor, which follows from it, is simpler, and admits of being 
reduced to a useful form with much ease in many cases. Ex- 
pressions so obtained may serve to verify the results of 
more abstruse and general processes ; but the principal reason 
for entering into the subject is that the expressions themselves 
and several of the continued products which lead to them seem 
to be of some little mathematical interest. 


Resistance of some rectilinear figures to the current flowing 

between two small circular electrodes. 

§ 8. Let us first remind ourselves how the general resistance- 
expression is obtained. Given an infinite sheet with any num- 
ber k of equal sources Al, Az, . . A, and the same number of equal 
sinks Bi, B,,... B, in it, the resistance between the two equipo- 
tential lines which pass through any two fixed points P and Q 
is given by Ohm’s law as 

Rpa= Le 

kq 
where Vy stands for the actual potential at the point P, and 
kq stands for the whole strength of current flowing in the 
sheet—that is to say, for the quantity of electricity emitted by 
each source per second, multiplied by the number of sources. 
Now (A) gives as the potential at any point P 


AIP. AP... 


ö . 
Vp= Srg Of BIP. B. P. 9 . 7 © e © œ (A) 5 


hence 
S AQ. AQ... BIP. B. P. 
Rra⸗ imes le BIG BO APA P) (B) 


And these expressions are perfectly general; for unéqual poles 
may be regarded as aggregations of equal ones, and the num- 
ber of sinks must always be equal to the number of sources, 
although some of them may often be at infinity. 

Now we know that the equipotential lines of high potential 
break up into 4 portions which ultimately become little circles, 
one surrounding each source. Similarly the lines of low po- 
tential surround the sinks. Take the point P on the circum- 
ference of one of these little circles (radius pi), that surronnd- 


———— — — 
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ing the source A say (omitting its suffix); and take the point 
Q on a circle (radius pz) surrounding the sink B. Then the 
resistance between the two small circular electrodes A and B 
is k times as much as that offered by the sheet to the 27 poles, 
or 


RAR = 


cer 1 
271 p,- AIA. AA... oz. BIB. BB... (a 


where the higher powers of pi and pz are neglected. Since 
they are both small there is no necessity to distinguish them, 
and p° may be written for their product. Moreover in very 
many cases the sources and sinks will be similarly arranged ; so 
that the two fractions which are multiplied together inside the 
brackets of (a) are equal to one another, and we may then use 
the simplified expression 


oO L a) 
Ras= zap 8( p. AIX. AA... 7 (8) 


§ 9. Before proceeding to apply the image theory and this 
expression to the general case of a two-sided figure, it will be 
well to consider a special case or two,—and first the very 
simple case of a parallel-sided strip of breadth s, with the two 
poles, A and B, one on each side of the strip and opposite to one 
another (fig. 1). 

Fig. 1. 


A will be reflected in the opposite side, its image A, being 
at a distance s from that side and from B; then A, will be 
reflected, its image A, being 2s distant from A and 3s from B; 
then Az will be reflected, and so on. The images of B will 
evidently be similarly arranged to those of A mutatis mutandis: 
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so we may use the second of the resistance-formulæ 


2 AB.A,B... 
N o. AIX. 
doubling it because the poles are only halfway on the sheet 


(sce below, § 22). Now 


AB =A,B=zs, A,A=A,A=2s, 
A,B=A,;B=3sz, A,A=A,A=4s, 
A,B =A,B=5s, 0 e ° e ° 


Hence the above product becomes 


s 1.3.3.5.5.7... 
o 2.2.4. 4. 6. 6 
which equals ; : 2. 
Therefore 2 2s ` 
R= 80 log Tp e o è © è >» (1) 
§ 10. One more special case of the infinite strip I will take, 
because a constantly occurring product occurs here in its sim- 
plest form. Let the two poles be both on the same side of the 
strip and at a distance c from one another. The images of A 


AB A,B AB 
are just as before, and the product —— > AA AA equals 

c 228 Pöte 4287 + 0? 47s? +07 $ 
pi 272 7 . . 4252 * 4232 82 eee 
=< (1+ 25 a) (1+ 45 +s ga). 

sinh 2, 

= — Ë 

7 Te 

28 


Here and elsewhere sinh z may be considered merely an abbreviation 
wet 
for — 7 „or as equal to : sin ir. Similarly 


er e 
cosh æ . or = coset, 


and 
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Therefore 
R= wap los (= sinh 2 25) e 


_ Similarly, if we had taken the poles one on each side of the 
strip, but, instead of opposite each other as at first, at a distance 
e from one another measured parallel to the sides of the strip, 
we should have obtained 


R= 5 08 (=, cosh ge he oe che “ARs OD) 


TKS 


5 
correct expression for the case of two poles on the edge of half 
an infinite sheet. If s is small, (2) and (3) become equal; 


and if s=p, they reduce to R= (neglecting the small 


term — — 5 log m), which is right for the resistance of a wire 


If s be made infinite, (2) becomes a log which is the 


or thin strip of sectional area pSand length c. The presence of 
the term neglected in comparison with a term which has p in its 
denominator, can be accounted for by remembering that the elec- 
trodes are not exactly straight bars at a distance e, but quadrants 
of small circles whose centres are distant c from one another. 
§ 11. We may also consider one special case of the infinite 
“ wedge” or irregular two-sided polygon. Let the two poles 
be one on each side of the wedge at the same distance r from its 


angle O, and call this angle 0= = (n integer). The images of A 


will lie on a circle with centre O (fig. 2), as in the kaleidoscope. 


where i= Vl. It is useful to remember that 


cosh?z — sinh’ r=1, 


that 
sinh O= tanh O sin0=0, 
that 
cosh Os tanh œ =l, 
and that 
i sinh œ = cosh œ = ġe” 
VOL. II. D 
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Fig. 2. 


Then 
. 0 . 20 
A B=A,B=2r sin y A,A=A,A=2r sin 3? 
A,B=A;B=2r sin ae A,A=A,A =2r sin x 


2 


so the product which occurs in (8) equals 


sin ne 6 nd 
: í gin when n is even 
sin? Ê sin? 30 — sin? 50 | sin? 0 2 
7 2 : 3 2 
P sin? ae at Lein 60 . in: 
l 2 2’ | 2 . nô ; 
———————= sin — when n is odd. 
sin?” 9 2 


Ser sin -y> TmT 3 
sin 5 . n? 221, 
sin T 
2n 
and that 
11 — 2 7 
m n on 2 
sin 2, sin 2, 1 22 Hh, 
sin; 7 
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the upper termination to be taken when n is even, the lower 
when n is odd. Hence the above product equals 


- -a 


2r 1 
pn 

and 2 270 2 24 
* Or e . . . (4) 


if one writes s for the arc subtending 6 of the circle whose 
radius is r. 

Notice here the close resemblance to (1), becoming identity 
when r=, and also the sort of circular analogy to Wallis's 


form of 5 which one gets by taking arcual instead of linear 


distances in fig. 2 for the product of (8). 

The circle on which all the poles lie is a flow-line by sym- 
metry ; and hence the resistance of the sector A O B is twice 
that of the wedge. 


General resistance of a “ Wedge,” or two-sided polygon, 
poles any where. 
§ 12. If we obtain an expression for the case of two poles A 
and B, it will be little more than a matter of writing to extend 
it to any number. Let OX and OY be the two sides of the 


wedge, the angle Y O X being = T, Call the distance OA, 
n 


r, ; and the angle A O X, a (fig. 3); and let (72, 8) denote the 
point B. The images of A will lie in 
pairs on a circle of radius 7, those of 
B on a circle of radius r,; and to find 
the value of the products which occur 
in the general expression (a) we may 
make use of Cotes’s (or Demoivre's) 
property of the circle, which says 
that, if m points equisect the circum- 
ference of a circle of radius 7,, the 
product of their distances from an- 
other point, distant r, from the centre of the circle and 
J (ri—2ryr, cos +73) from the nearest of the m points, will 
be equal to 


Fig. 3. 


Jer 2 rr cos mr z (C) 
f D 
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To apply this theorem to the present case we must consider 
the images of A in two sets:—one set including A itself and all 
its images whose angular distance from it is some multiple of 
20; the other set containingall the remaining images, which will 
alternate with those of the first set, and will like them divide 
the circle into n equal parts. The product of all the distances 
of the first set from the point B will be given by (C) if we put 


m=n= 3 and G a-; the product for the second set will 


only differ in having =a +8. From the symmetry of the 
expression, it follows that the product of the distances of the 
images of B from the point A will be the same as that of the 
images of A from the point B. Hence the numerator of (a) 
is determined. As for the denominator, the product of the 
distances of the second set of images of A from the point A is 
2r; sin na. 
The product of the first set appears to be zero, since A itself is 
one of the set; but remembering that the point to which dis- 
tances are properly measured is not the actual pole A but a 
point on the circumference of its small electrode (§ 8), we see 
that the product becomes 
ri -C H nr p, 
neglecting high powers of p. So the whole product of the A’s 
from A is 2npr**-'sin na; similarly the product of the B's 
from B will be 
2nhr sin np. 
Hence the resistance-expression (a) reduces to 
1 
R= Dreh log 
Arend CH.), 
Do aaa 
or, as it is often more convenient to write it, | 


=_l ] 
— Qarnd 8 


{ ri" (a+ ee na—B) 6 ech) 


øP 7 2 4n? sin na . sin nB G 
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§ 13. A few special cases of this may be recorded. 
When ri rz, it becomes 


cos na— cos nB . . (6) 


778 °8 (=. n (sin ne. sin nĝ 


If at the same time a be made zero and 8 =, we ought to get 
(4); but we must remember that æ is not actually to vanish, 


it is to become very small and equal to £ 27 which is a sort of 


compromise between Ê -, the greatest value it could vanish with, 


and A the least. So putting 


a= £- p=0— 25 


27 
(6) becomes 
e 
red 8 (= np TKS B 0 
2r 


which agrees with (4). 

Going back to ri and r, unequal, let us put both poles on 
OX—that is, write 

za E sa E 

a=) = 27 and 82 0 27 

(5) will become 


= log (S-). 2 (7) 


and this reduces to (2) when r is made infinite. 
Similarly if the poles were placed one on OX and the other 
on OY, we should get 


Bp Oye nm a AD 


TKO n? ore! 12 =1? 


and this reduces to (3) when r. rc =, and 0 - =0, 


One more case is worth mentioning, viz. when one of the 
poles, say B, is on the angle of the wedge at O. To give 
this, r, =p and (6 being any oun between 0 and 6, ug will be 
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any thing bet 0 and , say ~) sin 181, 
y thing between 0 and 7, say 5) sin nB=1, so 


1 „an+ 1 
R= zas ). z (9) 


p. 1 2nsin ne 


If at the same time A is on OX or OY, this becomes 


1 
n+1 r (ON l 
nrs log { p (=) ° ° e 0 è (10) 


A direct application of Cotes's property and equation (B) 
to this last case gives us as the perfectly accurate expression 
1 


e y 
7d log 5 (= 55 „ 10) 
whatever be the size of the electrodes, provided that they be taken 
of such shape as to fit the equipotential lines passing through 
the two points P and Q to which distances are measured. Both 
these points are on the line A B, one of them distant p, from 
A, the other pz from B. This expression will reduce to (10)’ 
when pi and pꝛ are regarded as small quantities of the first order. 

§ 14. Although all these expressions are proved only when 0 
is a submultiple of a, yet by continuity they would seem likely 
to hold true always. Ifso, we have expressed the resistance 
of a Riemann’s surface of any number of leaves, but all con- 
nected at one branch-point O. 


General resistance of a “Strip,” or regular two-sided polygon, 
poles anywhere. Fig. 4. 
§ 15. The strip being a special case of the 
wedge, its resistance will follow directly from 
(5)* by making 0 vanish. We must substitute ZA 
S rio, a ria, Org, c ri, 
and then make r, =r + c infinite, keeping e, a, 
b, s all finite (fig. 4). The substitutions give 3 8 
us 


4 = 0, p= -— , n= = — 5 
8 7˙2 


so the resistance (5Y becomes 


It might be objected that when n is made large, higher powers of p in 
the expansion of (r— p)” may not be neglected, as was done in the process 
of obtaining (5). This woud be true if the size of n were merely due to 
the shutting up of 6 with a constant r; but in our present case r is also 
large, and the expansion is in descending powers of r. 
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1 
* 271&æð log 


c a—b c a+b 
cosh - r- cos — 77 cosh -mT — cog T 
8? 8 8 8 


8 


(11) 


P „ aT 
sin — sın — 
- 8 8 


§ 16. For the case when both poles are at the same distance 
from the sides of the strip, or a=b, this becomes 


2ar 
i 25 a cosh = „ eos 4 
log 4 — sinh = ;. (12) 
KO Tp 28 1 2am 
— COS Fa 


and if they are also both in the middle of the strip, it simplifies 
to 

= 58 (a sinh . 2) 
which is just half (2), as it ought to be. I write out this par- 
ticularly, because this case has been already studied by Stefan, 
and experimentally verified by von Obermayr ( Wien. Akad. 
Ber. 1869, vol. lx. part 2. p. 245). Stefan, it seems, wrote the 
expression he obtained thus (merely altering his letters), 


1 8 1 e 
xd 2776 + rag 08 (e —eé a ); 


and this is identical with (2Y. 

§ 17. It seems as if expressions like the above might pos- 
sibly be employed in obtaining the values of certain continued 
products. Thus to take (12) as an example. 

The direct geometrical product for this case, occurring in (8), 
is the root of 


2 
©. 2a. 2s—2a. 28.29, 28+2a.4s—2a,4s.48.48+2a,6s—2a...., 


p 
: be 0 
where ks+ 2a is an abbreviation for 1+ ( ke + 2a)" 


Now one portion of this we know (cf. § 95 


(-r 40) - -= $e) nat ay 
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and as as equals the square of the rational part of the quan- 


tity inside the brackets of (12), it follows that the square of 
the irrational part is equal to the remaining factors of the above 
product. It may be written 


2c 2am aa Cr 
cosh “a — Cos oe sinh Fa 2) 2 
=1+ =(1+5 (1+7 55) 
3 sin? — i Gra) 
8 8 


(1+ ray) (1+ (Zs : say) (1+ Ty) · 


merely putting s instead of 2s, and a instead of 2a. 

Whether this result is otherwise obvious or not, it will serve 
as an example of how new products might sometimes be evalu- 
ated from resistance-expressions. 


General resistance of a circular sector. 


§ 18. The resistance of a circular sector containing two 
poles A and B will be twice the resistance of a wedge with the 
same angle, but in which, besides the poles A and B, there 
also exist poles A’ and B/ at the points inverse to A and B with 
regard to the circle of which the sector is a part; that is, calling 
R the radius of the sector, O A’ = = OB = —. The ex- 
i 


pression for the resistance will be (5) sia an additional 
expression 


1 
abe 


R2 \s 2 
Ea + 15 2 cos na = 1 3 — 2 cos n +Ê 
15 2 


7172 


FAA) EI Gh ee 


§ 19. When the angle of the sector vanishes by R becoming 
infinite, we get the case of a strip bounded towards one end, 
or what may be called an isosceles triangle whose equal angles 

T 
are = 


x The pole A being at a distance c, from the base and 
a from one of the sides, while B is at a distance b from the 
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same side, e from the base, the above expression reduces to 
1 
R=(11)+ 27778 log 
( cosh An cos ; ( cosh ata m cos a+? ) 


(cosh ilo oe oe a / (cosh ila cos — 
8 8 8 8 


where the c in (11) may be written ei — ez for symmetry. 
It may be noticed that the additional quantity in (14) vanishes 
when ci and cz are infinite; but becomes the same as (11) 


. rei. „ TC 
2 sinh , sinh —* 


when ci and cz are made small and equal to 2 and this is just 


what it ought to do. 

§ 20. The quantity which is added to (11) to give (14) may 
be called the “ effect of the boundary which limits the strip 
at one end. If we added a boundary to the other end of the 
strip also, it would become a rectangle of breadth s and length 
ci ＋cʒ or c +c; and by adding another quantity to (11) similar 
to the above, but with c; and c, instead of c, and c; (that is, by 
adding a quantity which approximates to the effect of the new 
boundary), we should obtain an approximation to the resist- 
ance of a rectangle, which is a pretty close one if the c are larger 
than the s. Such an approximate expression, however, has no 
particular interest. It is easy to write down the products oc- 
curring in (a) for the general case of a rectangle ; but their 
evaluation does not appear to be so simple. 


Distribution of potential in a “ wedge” containing any 
number of point poles. 


§ 21. All the flow-conditions in a wedge whose angle is = 


are determined completely by writing out the particular form 
assumed by the general expression (A)’, § 8, for this case. 
The polar coordinates of the sources being (ri, a), (7/1, ) . o 
and of the sinks being (r3, 8), (T2, B). . ., the potential at any 
point (r, &) is 


=I 
væg 


(2 ra cos nọ— p—B+rs )( r* — 2 r cos n TB ＋ 73 7) (15) 
(r - 2 * cos n a + ri )( r* - 2 Nu cos n Ta ri) 
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+ similar terms with accented coordinates for every other pair 
of poles which the sheet may contain. 

When the wedge becomes a “strip ” of breadth s, the above 
expression gives, as the potential of any point (2, y), 


— | 
a Amò log 


(och = - cos — 2 ) (ooch r — cos TET? ) 


8 
— — 8 — T 
(cosh a T — cos — 1.7 (cosh L T — cos r) 
8 


+ Ko., 


where the sources are (1, y1), (2/1, 71) . ., the sinks (2, y2), 
(v's, 7/2) . . and where one side side of the strip is taken as the 


axis of . 


General form M the resistance-expression for two poles. 


§ 22. It is convenient at this point to notice the general 
form of the resistance-expression for two poles A and B in 
any bounded plate. It may always be written in the form 


slog (b. 0). — ( 


where Q is a numerical quantity which depends on the general 
form of the boundaries of the plate, and on the position of the 
poles with respect to those boundaries; while ¢ is a number 
which depends only on that part of the boundary which is infi- 
nitely near a pole. As long as the poles are not placed on the 
edge of the plate, c=1 and is unaffected by any change in the 
boundary ; but if either pole is placed on the edge, the angle 
on which it is placed determines c,—the general law being 


that if A is on an angle =, and B on an angle =, then c=m+n. 


(When both poles are inside the plate, both angles equal 27, 
and therefore c= 1, as stated above.) 

It is unnecessary to prove this rule formally ; but itis a con- 
sequence of the necessary condition that A and B must be of 
equal strength in the limited sheet ; for this condition requires 


that if they are on angles 5 and or respectively, their 
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strengths in the unlimited sheet must be in the ratio of 2m : 2n, 
and accordingly the quantity 5 in (a) § 8 will occur to the 
2m Tn) th power. 

Hence, in the process of finding the resistance of any plane 
conductor containing two small electrodes, the determination of 
Q is the only difficulty. We have found it for the general 
polygon of two sides; let us proceed to find it for a few tri- 
angles. 

Resistance of an isosceles right-angled triangle. Poles on the 
equal angles. 

§ 23. This case was in reality the first figure with rectilinear 
boundaries which I ottempted. The positions of the images 
of A are shown in fig. 5; they are on the corners of squares 
covering all the plane. The images of B will be similarly 
arranged, every source being surrounded by four sinks. 


To determine the value of the product (= ; Q) in the re- 


sistance expression (8) (§ 8), take the images in rows, and find 
the product for each row separately (cf. § 9). Call the line A B, 


Fig. 5. 


Images of the pole A in an isosceles right-angled triangle. 


fig. 5, row O; the two rows one on either side of A B call rows 1; 
row 2 will be the row next beyond each of these; and so on, 
the images being evidently symmetrical with respect to the 
line AB. The whole product Q will then equal Co, Q?, Q?..., 


r 


where Q, stands for the product of the à 4 in one row r. 
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From the figure we see that 


a PH? PH? 3742? 3?+2? _ 1 
or 2 1 2 2 2 aye 2 (2) 


= 3’=(3), 
ind in general 


where the index is to be taken positive when z is odd, negative 
when æ is even; and where () stands for the product 
PHP 4271 +2? 1 
I T. 37 Tu 57 T NC) 
of which Wallis's expression is the particular case when 
4 =. 
The entire product Q also shows an evident resemblance to 
Wallis’s form, being 
2 /1a(1).3a(3).. T 
gSa m (20 (2). 404) 
Further than this I was unable to proceed; so I showed the 
products to Mr. q. W. L. Glaisher during the Bristol Meeting 
of the British Association; and he very kindly told me how to 
evaluate the product denoted above by ), and subsequently 
worked out the compound product Q. Taking the well-known 
trigonometrical sr a 


ein = 7 (1— 20 (1- 7 (1-8 
G. li- g. 


Mr. Glaisher divided one by the other after putting z 1 
for z; he thus obtained 
tan i in. 2 1 4 13,5. 
2 2 h 35 T 22. 42. 67... 


= r 6 r). 2 
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whence 


zø(z)=} tan me = tanh 2 


This result gives us 


eet ee 

Q= 2 2 2 

7 271 47 ö 

tanh g- tanh 9° ee 

The part inside the brackets may be written 
. 12 1 14 T—— 1 


Ie Ipe’ l—e-** Ie 


and this Mr. Glaisher saw at once was a special case of Jacobi's 
products; two of which (being those required in this paper) I 


write down here— 


l-qg 1-7 12 2 144 

l+q 1+¢ IT me 00 
1% 19.195 (out ry. (e) 
ip l+q* 1+ 9° 


q stands for e * „K having its ordinary meaning of 


f v(1— GOULET sin: 0) 


Taking the modulus-angle 45° so that k=¥ = 5 and 
K = K / K, say, and then dividing (8) by (e), there results 
the product required, 

™Q-,/ T. 
2 2K, 
Hence Q= = K. and the resistance of a triangle with each elec- 
trode on an angle of 45° is 


R= slog („ R.). . ay 


Mr. Glaisher also obtained an expression for the more general product 
294a” 4°47" : ; i 
. —— .., which he has communicated to the Mathematical 
1*42" 8 r” 
Society. 


46 MR. O. J. LODGE ON SOME PROBLEMS CONNECTED 


The numerical value of K, from Legendre’s Tables is 
1:854 074 677 301. 
9 24. If one writes out (17) in two parts, 


8 AB 8 z do ; 
nd", a8), gapay ( 

the first term is the resistance of a segment of a circle with 
base AB and with its arc touching the two sides of the triangle 
at A and B; and the second term may be called the effect of 
the coquadrant’’* by which the triangle exceeds the seg- 
ment in area. But one must not imagine that this term ex- 
presses the resistance of this figure. The fact is that its resist- 
ance cannot be found by any consideration of (17)’, for reasons 
which shall be stated, § 30, footnote. It is worth while to 
notice the arrangement of poles and flow-lines which would 
produce this coquadrant figure in an unlimited sheet ; but they 
will come better later. 


Resistance of an equilateral triangle. Poles on two of the 


angles. 
§ 25. The images of A for this case are shown in fig. 6, 

Fig. 6. 

8 e e 

2 © e e 

4 0 0 

0 0 „An 0 

1 e e 

2 0 0 e 

8 e e 


Images of the pole A in an equilateral triangle. 
being on the vertices of equilateral triangles /3 times the 


* I call it a coguadrant because it is the excess of a square over the qua- 
drant whose radius is a side of the square: more generally the figure en- 
closed by any circular arc and two tangents might be called a cosector; it 
would be the excess of an isosceles cirquadrilateral over the inscribed sec- 
tor, and it only differs from a sector in having the equal angles 0° instead 
of 90°. 
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linear dimensions of the original one. Take the images in rows 
as before (§ 23), calling the line A B row O, and find the product 
Q, for each row separately. 
2 ie 373 
5-3. J 6 U. 9 r y, 
1?+3 5+3 7+3 11?+3 13°+3 5 
„F 5 = 
[= 343° R43 P3 943 5773.00), 
274+27.3 42 22.3 87 27.3 10?+27.3 x 
2 a %%% ͤꝙr 8 ; 
= org” 62.3 642.3 12 ＋ 23. SV), 
_P+3.3 5243.3 7437.3 


a ee FES ale 
and f . , . . ; ms 
_ 
Q= -5z 60 VJ) V2 7/3) 03 V%) V,). 
Now h 
(- te te Pre 1.2 
r) = T Nen N Hee 
cosh ç 
1+3 tanh? 
= = a 


this result being evident if numerator and denominator are 
multiplied by 

3 T. 9? T. 15 +27... 5 
and similarly 


2 2 3 sinh ZZ 
FF . 2 
67 61 T 4 17 
sinh’ -5 
1+3coth T 
— — 
Hence 
Zr 5 
„ 173 tanh „ 14 3 tanh: = 14 3tanh? |7 
Q343 ava TENN TA 8 
27 dor 67 
173 cothz. . 173 cothr. . 1+3 coth? 27- 
N ve 2e 273 ene, 


— — —— —— — ee aoa 


4 i 4 4 
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This product I sent to Mr. Glaisher ; and he returned it reduced 
to a product of two theta-functions. He proved the two fol- 
lowing identities :— 

1+mtanh?@ 1+mtanh?36 1+ tanh? 50 l 


PiS l+m l+m In 
„. 1 
2K 
and 
P. L+mcoth? 20 1 f m coth 40 1m coth 60 
= l+m l+m . 1+m bas 
2 K 
*) 
VE (QKY ke’ 14 
where p 
m— 
cos 2z= 2 e 


In our present case 


2 J5’ 
80 
mT 


K= /3K’, k= sin 75°, and «= -—- 


oo 


L/F V3 p= 
bi- Mt eG, r. MSH HGE), 
and 


- 33 P, - r 
mT 


= * 
writing Oi(æ) for * H(z). 


——— @(30°)@,(60°) (mod. angle 75°), 


From the British-Association Tables 


log zz =Ī4091498986, 


log © (30°) = 1-9223413942, 
log @,(60°) = -0491498189 ; 


logio Q = 17528522478, 
or 


1 
Q= 76664 bout, 
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and the resistance of the triangle is 


R= 5 log(=. Qh... (18) 


Manner in which the image-method fails for an angle of 120°. 


§ 26. We found in § 5 that the only isosceles triangles which 
could be treated by the method of images were those with the 
equal angles either 0°, 45°, 60°, 90°, or 180°; and of these all 
except the first have been already done in the course of this 
paper (§§ 23, 25, 19, 10), and the first shall be considered in 
the next section. But suppose we attempted the triangle with 
equal angles 30°, which is apparently a very simple case ; the 
images of the source A (on one of the equal angles) would be 
readily placed on the corners of regular hexagons; but they 
would be symmetrically situated with respect to the middle 
line of the triangle, and hence when the images of the sink B 
came to be placed they would coincide with those of A and 
would blot them all out of the sheet. Or if we overlook this 
and apply the expression (8) to the images of A, then, because 
of their symmetry with respect to the triangle, the product Q 
(§§ 8 & 22) will equal 1; which can be proved to be wrong 
(§ 27). This failure, caused by the presence of the angle 120°, 
is one that cannot, even apparently, be got over by silvering both 
sides of the boundaries (§ 4); for, in order to arrange poles in 
an unlimited sheet so as to be symmetrical with respect to all 
three sides of the triangle, it is necessary that one and the same 
point shall be at the same time both a source and a sink. Dr. 
Henrici suggests that this is possible if the plane consists of 
two leaves, and recommends in general, whenever both sides ot 
a boundary have to be silvered and some of the images are real 
(that is, occur in the given plate itself), that these real images 
be put in another leaf of the plane. It seems just possible 
that some such contrivance might enable the image-method to 
be applied to polygons whose angles are not integral submul- 
tiples of r. 


Empirical formula for the resistance of a general isosceles tri- 
angle. Poles on the equal angles. 
§ 27. Consider a regular polygon of n sides, with one electrode 
vol. Il. E 
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(radius p), A, fig. 7, at its centre, 
and with its entire periphery main- 
tained at one potential. The re- 
sistance R, of such a polygon to 
radial flow is evidently something T B 
between that of its inscribed and 
that of its circumscribing circle ; 
in other words, 
1 AO 1 AC 

Zed 8 R. Zh aS b 
Now the resistance R of is isosceles triangle ABC (fig. 7) 
equals twice the resistance of the triangle AOC, which again 
equals 2n times the resistance of the polygon. Hence, writing 


AC=AOsec CAO=} AB sec =, 


2n) AB <R 1 AB 5) 
TKS 8 20 2p <a °8 es 0 
or, calling the angle CAO 0, we may write the resistance of 
any isosceles triangle ne equal angles 0, 
AB 1 

i 65 05 ry p 76) a 
where /(0) is something between 2cos@ and 2. Hence the 
limit of Q when the angles of the triangle vanish is 4. More- 
over when the angles are 30°, /(@) must lie between 2 and 3; 
it cannot, therefore, be 1 as the product of images (§ 26) would 
lead us to believe. 

Looking at the few values of f(0) which are known, one 
may notice how nearly they divide the interval allowed to them, 
2—2cos@, in the ratio 1: 3. The quantity which actually 
does this is ot cos’ 
values of /(@) to an exten‘. shown in the Table. 


Fig. 7. 


C 


; and this quantity agrees with the known 
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and the resistance of the triangle is 
6 AB 
R= =p leg (= Q) „ „ a Be a A16) 


Manner in which the image-method fails for an angle of 120°. 


§ 26. We found in § 5 that the only isosceles triangles which 
could be treated by the method of images were those with the 
equal angles either 0°, 45°, 60°, 90°, or 180°; and of these all 
except the first have been already done in the course of this 
paper (§§ 23, 25, 19, 10), and the first shall be considered in 
the next section. But suppose we attempted the triangle with 
equal angles 30°, which is apparently a very simple case ; the 
images of the source A (on one of the equal angles) would be 
readily placed on the corners of regular hexagons; but they 
would be symmetrically situated with respect to the middle 
line of the triangle, and hence when the images of the sink B 
came to be placed they would coincide with those of A and 
would blot them all out of the sheet. Or if we overlook this 
and apply the expression (8) to the images of A, then, because 
of their symmetry with respect to the triangle, the product Q 
(§§ 8 & 22) will equal 1; which can be proved to be wrong 
(§ 27). This failure, caused by the presence of the angle 120°, 
is one that cannot, even apparently, be got over by silvering both 
sides of the boundaries (§ 4); for, in order to arrange poles in 
an unlimited sheet so as to be symmetrical with respect to all 
three sides of the triangle, it is necessary that one and the same 
Point shall be at the same time both a source and a sink. Dr. 
Henrici suggests that this is possible if the plane consists of 
two leaves, and recommends in general, whenever both sides ot 
a boundary have to be silvered and some of the images are real 
(that is, occur in the given plate itself), that these real images 
be put in another leaf of the plane. It seems just possible 
that some such contrivance might enable the image-method to 
be applied to polygons whose angles are not e submul- 
tiples of . 


Empirical formula for the resistance of a general isosceles tri- 
angle. Poles on the equal angles. 
§ 27. Consider a regular polygon of n sides, with one electrode 
VOL. Il. E 
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form 
m+ ny 835 2 


= . . (21 
R= —y lo 21) 
where the poles A and B are on angle Z = and — A respectively, 
and where a takes different values in different cases, and is the 


only thing which varies. K, still stands for the first complete 


elliptic integral with modulus A Fig. 8. 


For the case represented in fig. 8 the value 3 

of a is zero, because the resistance of such a 

square is just half that of the right-angled tri- 

angle (17) § 23. ax 
When the poles are as in fig. 9, a=}; the 

product in (8) which leads to the result con- 

sists of terms coth? > where . takes the va- N 

lues 2, 4, 6 
The case of fig. 10 gives us a=4, the pro- 

duct being II (coth? 7 with x successively do h 

1, 2, 3, 4, &c. 


The case of fig. 11, being unsymmetrical in 
sources and sinks, requires the complete ex- Fig. 11. 


pression (a) § 8; and, because the pole at the 
corner of the square has to be four times as 
strong as the other in the infinite sheet, the 
two factors inside the brackets of (a) occur to A 


different powers ; in other words, calling the 
factors Pi and P., we shall have 


PiP; 
Now Pi, the product referring to the ap of the pole at tho 


centre, is the old one whose value i is N. aC 23). But the pro- 


duct for the images of the corner sil will be found to be 


coth ma 
2/3 TE „ 7 2 
P,= 1 II (coth 2 cath TE) II (=) 
goth 
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where x is to take the successive values 4, 8, 12, .., and 2 
the values 2, 6, 10,. 
Writing this product P, in the form 


T 37 

22 tanh . tanh 2 
3 T 17 . coth r. coth 27. coth 37..., 

i Aa h tanh. 


it is brought into connexion with (8) and (e) (§ 23); and its 
value is thus found to be 


U Vak k K 


Hence 

= K. or =x 
In other words, the resistance of a square plate with the poles 
arranged as in fig. 11 is given by (21), if for m+n we read its 
value 3, and consider æ equal to 3. 

One more distinct case may be mentioned, Fig. 12 
namely the right-angled triangle shown in fig. 12. B 
This also requires two factors raised to different 
powers; and the result is the expression (21) 
with a=}. 

[To be continued. ] 


V. On Salt Solutions and Attached Water. 
By FREDERICK GUTHRIE. 
[Continued from p. 14.] 


IV. 
Separation of Ice, or of a Hydrate, or of the Anhydrous Sale, 
from solutions of Salts below 0° C. 

§ 123. Very many determinations have been made of the 
solubility of various salts in water at temperatures ranging 
from 0° C. to the temperature of ebullition of the saturated 
salt solution. To Gay-Lussac, to Kremers, to Regnault, 
and others are due several series of exact determinations 
in this direction of research. But the examination of the 
phenomena of solidification which take place in salts of 
certain strengths at temperatures below 0° C. has suffered 
comparative, almost complete, neglect. And this appears te 
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have arisen partly from the circumstance that it has been 
asserted by some philosophers, and denied by others entitled 
to equal respect, that when a solution of a salt below 0° C. 
begins to solidify by loss of heat, the solid formed is pure ice. 
It has been my privilege to reconcile the opposing views by 
the discovery of the fact which I trust now to have fully estab- 
lished, that when a salt solution which is already any fraction 
of a degree below 0° C. is cooled, one of three things must 
happen ; and which of them happens is determined with the 
same salt by the strength of the solution. 

1. In all solutions weaker than the cryohydrate, ice is formed, 
at temperatures which are lower according as the solution is 
richer in salt. 

2. In solutions of a certain strength (namely that of the cryo- 
hydrate), combination of the salt and water take place in defi- 
nite ratioand ata constant temperature. The solution is there- 
fore a melted cryohydrate, and solidifies as a whole. 

3. When solutions stronger than the cryohydrate, below 0° 
C., are cooled, either the anhydrous salt or some hydrate richer 
in salt than the cryohydrate separates. 

It follows that the cryohydrate may, and indeed must inevi- 
tably be reached both by cooling a solution weaker than the 
cryohydrate (ice separates, the solution strengthens, the tem- 
perature sinks), and by cooling a solution stronger than the 
eryohydrate (anhydrous salt or a hydrate richer than the cryo- 
hydrate separates, the solution weakens, the temperature sinks). 
Assuming as a fact that which will be abundantly proved, 
namely that every salt which is soluble above 0° C. is also 
soluble below 0° C. (we shall see that there is even no quanti- 
tative discontinuity at 0° C. in the solubility), it follows immedi- 
ately that a solution of any degree of strength whatever gives 
rise on cooling, sooner or later, to a liquid which remains unso- 
lidified until the proper ratio and temperature is reached, and 
then solidifies in that constant ratio and at that constant tem- 
perature. From a solution of the strength of the cryohydrate 
nothing separates until the proper temperature is reached. 
And then, however rapid the absorption of heat may be, the 
temperature never sinks lower until solidification is complete. 

§ 124. I propose in the present communication (1) to trace 
the history of solutions weaker than the cryohydrates as they 
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yield ice on cooling, and (2) to examine the separation of an- 
hydrous salts or hydrates richer than the cryohydrates when 
solutions richer than the cryohydrate are cooled. With regard 
to the first of these branches of inquiry, the only experiments 
in this direction which I have described are those relating to 
chloride of sodium in § 10, and those concerning spirits o 
wine in § 96. 

A solution of a salt below 0° C. which is stronger than the 
cryohydrate, may be viewed as a solution in the cryohydrate, 
either of a hydrate richer than the cryohydrate or of the anhy- 
drous salt. A solution of a salt below 0° C. which is weaker 
than the cryohydrate may be properly regarded as a solution 
of ice in the cryohydrate. A solution of chloride of sodium 
stronger than its cryohydrate may be also regarded as a solu- 
tion of the subcryohydrate, Na Cl 2 H, O (?), in the cryohydrate 
($ 15). | 
Just as a given weight of water dissolves at temperatures 
above 0° C., with rare exceptions, more of a salt the higher 
the temperature, so a given weight of the cryohydrate dissolves 
more ice at higher temperatures, below 0° C., than at lower 
ones. The weaker a given weight of a salt solution below 0° 
C. is, the smaller is the weight of the cryohydrate in it, and 
accordingly the less is the weight of ice which the given weight 
of solution is capable of dissolving. Experimentally, this ap- 
pears in the results of all my experiments to be described below, 
that the stronger a solution of any given salt is (being weaker 
than the cryohydrate), the lower is the temperature below 0° 
C. to which it must be brought in order to yield ice; and the 
stronger a solution of any given salt is (being stronger than 
the cryohydrate), the less need its temperature be depressed in 
order to yield the anhydrous salt, or a hydrate richer in salt 
than the cryohydrate. And, as before stated, the latter kind 
of separation is quite continuous with the separation of such 
bodies at temperatures above 0°, such as is exhibited in the 
ordinary Tables of solubilities referred to in § 123. 

9 125. Almost all the numerical results are represented 
graphically in fig. 1. The abscissa are in all cases the per- 
centages of the anhydrous salt in the water. The ordinates, 
— or +, are the temperatures Centigrade below or above 0° 
C. at which solid matter begins to separate on cooling the solu- 
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tion. The point of reflexure (that is, the lowest point of each 
tracing) shows the temperature at which the particular cryo- 
hydrate is formed, and also the percentage of anhydrous salt 
in the cryohydrate. The left-hand branches of the tracings 
exhibit the temperature at which ice separates from solutions 
of the respective salts of the corresponding percentage compo- 
sition. The right-hand branch of each tracing shows the tem- 
peratures at which the anhydrous salt or a hydrate richer than 
the cryohydrate is separated. The parts of these branches 
above the zero-line show the ordinary solubility of the same 
salts above 0°. The figure is reduced from my drawing, in 
which the percentages and tenths were centimetres and milli- 
metres; and the degrees C. and their tenths were also centi- 
metres and millimetres. The actual observations, being dotted 
off, were joined by straight lines. 

§ 126. General remarks on the experiments.—Whenevor 
possible, the solutions of the salts examined were made by dis- 
solving weighed quantities of the anhydrous pure salt in quan- 
tities of water measured from a Mohr’s burette. The grammes 
and centimetres were those of the percentages ; that is, to form 
a 20-per-cent. solution, 20 grms. of the salt and 80 cubic cen- 
tims. of distilled water were employed. Now and then a con- 
trol mixture formed by weighing only was examined ; but it 
appeared that the sources of error introduced by measuring 
instead of weighing the water were vanishingly small com- 
pared with the unavoidable errors of observation, notably those 
mentioned in the next paragraph. 

Supersaturation.— With every salt solution from which we 
wish to get solidification by means of cooling, we have to guard 
against supersaturation. The notion that in order to start the 
crystallization of a supersaturated solution crystals must be 
present in the air identical in chemical kind with those ready 
. to be formed in the solution, seems to be disproved by the fact 
that supersaturation in regard to ice is of the very commonest 
occurrence. In many cases a salt solution which should yield 
ice at a temperature — t° refuses to do so until —(t° 5° or 6°) 
is reached ; then ice-crystals are formed through the mass and 
the temperature rises. Although we may indeed imagine ice- 
crystals to be floating in the air about the surface of the cryo- 
geh, we can scarcely conceive these microscopic crystals to 
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Fig. 1. 
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travel unmelted through the surrounding air, which may be at 
10° or 15° C., so as to reach the liquid. And if it be argued 
that the origin of the ice-crystals may be at or near the surface 
of the salt solution in the experimental tube, I reply that crys- 
tallization from a supersaturated solution occurs both when it is 
covered with a layer of oil and when only the lower part of 
such a solution is acted on by the cryogen. 

Method of observation.—Nince the separation of ice strengthens 
the solution, it is necessary to determine the temperature of 
the very beginning of the ice-formation. The salt solution is 
cooled in a test-tube until some ice is formed ; this is very. 
nearly completely remelted under constant stirring with the 
thermometer, and then the tube is plunged momentarily into 
the cryogen. The minute spicula of ice so formed are again 
nearly remelted. The mean of four or five readings of the 
thermometer when the minute quantity of ice begins to increase 
is taken as the true temperature of ice-formation. In order to 
save time and start the crystallization of ice in a solution which 
one has reason to suppose is supersaturated with ice, the ther- 
mometer-bulb may be plunged into the cryogen and rapidly 
wiped dry, or into the mercury-cup to be described immedi- 
ately. It soon becomes clothed with a film of ice-crystals from 
the moisture of the air. These are indeed almost invisible, and 
far too small in quantity to alter the strength of the salt solu- 
tion when brought into contact with it, but amply sufficient to 
determine the separation of ice if the solution be supersaturated 
in regard to that body. 

When the tube containing the salt solution is plunged into 
the cryogen till crystallization begins and then removed, por- 
tions of the cryogen adhering to the tube may carry the ice- 
formation too far, and by soiling obscure the tube. It is there- 
fore found convenient to have standing in the freezing-mixture 
a short wide-mouthed bottle of mercury, and for the final ob- 
servations to plunge the tube into this and so avoid soiling. 

The solutions stronger than the cryohydrate were treated in 
a similar manner. 

For the solubilities of the various salts at 0° I kept the solu- 
tions, previously saturated at 12° C., for three hours at 0°, and 
determined the strengths by evaporation &c., in some cases by 
determination of one constituent by the usual chemical means. 
I find these latter determinations agree very closely with those 
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of Kremers throughout. Indeed, as will be seen, we seldom 
differ more than 0°3 per cent. For the determination of the 
temperatures above 0° C. at which salts and their hydrates 
separate, I have found, contrary to my anticipations, the more 
exact method to be in most cases to warm a given weight of 
the salt with its proper percentage of water in a stoppered 
bottle till solution was effected, and then by repeated observa- 
tion find the temperature of incipient crystallization, rather 
than attempt to keep the water and salt for a length of time at 
a constant temperature and then determine the strength. The 
latter method, however, is of course especially available for 0° 
and 100° C. 

§ 127. Separation of Ice, of Suberyohydrate and of NaCl 
from solutions of that salt.—The following Table (XVI.) 
shows the temperature below 0° C. at which ice begins to be 
separated from solutions of common salt of different strengths. 
In selecting these strengths I have chosen several close to the 
critical points, namely to that of distilled water, to that of the 
cryohydrate, and to that of saturation. And in the case of 
other salts I have, as far as possible, examined solutions of the 
same percentage-weight strengths. The ascent (see fig. 1. 
NaCl) is so steep from the cryohydrate to 0° C. that I have 
only been able to introduce one observation. As my deter- 
mination for 0° C. was 26:27 (§ 11), and Poggiale’s was 26°28, 
I have no hesitation in adopting Poggiale’s for + 25° and + 40°. 

TABLE XVI. 


NaCl 


84 ~119 e 
81 —15°5 D 
80 —-170 oo 


78 —20-0 A 

76-4 —22-0 Cryohydrate. 

75 2120 Suberyohydrate. 

73:73 0-0 t NaCl. 

73:5 +250 ” heats 
| 73:2 4400 „ (Poggiale). 


60 FREDERICK GUTHRIE ON SALT SOLUTIONS 


This Table is to be regarded as replacing Table VI. in § 10 
as far as the two are comparable. I bracket the subcryohy- 
drate and the NaCl together, because the range of ratio is so 
small for a great temperature-difference that I cannot at pre- 
sent undertake to say within two or three degrees the tempe- 
rature-range peculiar to each body. 

§ 128. Separation of Ice or Anhydrous Chloride of Ammo- 
nium from solutions of that salt.—The following Table (XVII.) 
shows the temperature of solidification of solutions of NH, Cl 
of various strengths. 


TABLE XVII. 


| Temperature 
NH. Cl H,O pe 
Centigrade at Nature of 
per cent. by | per = by which wolidif- solid. 


weight. % cation begins. 


| 
1 99 — 04 Ioe. 
3 97 | —16 A 
5 95 3.1 
7 93 — 46 52 
10 90 — 71 p 
13 87 — 99 9 
15 85 | —120 ki 
14 84 —13·0 
17 8³ —14-0 f 
18 82 15-0 | a 
81 —15 | z 
9:27 80 73 —16°0 oh 
80 -15 | a Ol. | 
92 78 — 5 eta | 
23˙2 76-8 0 : 7 
25 75 + 8 ! | 
30 70 +32 | 


o oOo | E 
It will be seen that I make now the solidifying-point of the 
cryohydrate — 16 instead of —15. This agrees with its tem- 
perature as a cryogen. The tracing of NH, Cl in fig. 1 is 
seen to pass through the 0° line without deflection. Like the 
NaCl line it has a point of contrariflexure, but not so near the 
cryohydrate as with the latter salt. The determination at 0° C. 
was derived from the analysis, 12:1852 of the liquid gave 
2:7721 of NH, Cl. 

§ 129. Separation of Ice or Anhydrous Nitrate of Potassium 
from solutions of that salt.—Nitrate of potassium being far less 
soluble below 0° C. than the two preceding salts, and its cryo- 
hydrate not differing much from the saturated solution at 0°, 
I have not attempted to get any temperature-values between 
the two; but I have carefully followed the form of the tra- 
cing up to the cryohydrate, and also above 0°. 
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TABLE XVIII. 


| 
Temperature 
ENO; HO Centigrade at| Nature of 
per cent. hy | per cent. bY hich solidif-| solid. 
weight. weight. cation begins. 

1 99 -01 Ice. 

2 98 —0:3 10 

3 97 —0˙7 ” 

4 96 —1˙1 15 

5 95 —1:5 j 

7 93 —2:2 i 

8˙5 91-5 —2°6 i 
10 90 —2˙9 ‘i 
112 88˙8 3 · 0 Oryohydrate* 
12 88 0-0 KNO,. 
13 87 ＋2˙0 is 
15 85 +60 
20 80 +14:0 s 
25 75 421-0 ; 
35 65 +350 6 

40 60 +410 k 


The composition at 0° C. was derived from the analysis by 
evaporation of 11:8050 grms., which gave 1:4166 of KNO;, or 
12 per cent. (Gay-Lussac found 11:68). 

§ 130. Separation of Ice and Hydrate of CaCl, from solu- 
tions of that salt.—Although troublesome to manipulate, I pre- 
ferred to make the solutions by weighing the anhydrous chloride 


TABLE XIX. 
Temperature 
CaCl H è ; 
per cent. by | per cent. by i hen Nature of solid. 
weight. weight. begins. 
1 99 0-2 Ice. 
2 98 0-5 70 
3 97 Vl i 
5 95 25 : 
7 93 33 a 
10 90 55 ” 
i 3 ED 
28 72 27:5 Cryohydrate. 
36:45 1 | 93 900 hydrate. 
39 CaCl, +6 H, O. 
45 (Gerlach) 55 ! 15-5 „3 


I have adopted the temperature — , after a long series of experiments, 
instead of —2°-6, which is given in Table X. 5 


62 FREDERICK GUTHRIE ON SALT SOLUTIONS 


The determination at 0° C. was made by estimating the 

chlorine as chloride of silver. There is such little difference 
between the composition of the cryohydrate and the hydrate 
separated at 0°, that I have been unable to estimate the com- 
position at intermediate temperatures. There is no evidence 
of the formation of any other hydrate than the one usually 
regarded as containing six molecules of water. On account 
of the difficulty of exactly measuring such low temperatures as 
are here concerned at the maximum, I have less confidence in 
the exactness of the form of the tracing of this salt than of any 
other. 
8 131. Separation of Ice from a solution of Hydrochloric 
Acid.—Although I have made a separate study of the hydrogen 
salts of several of the acids, I may here adduce one instance, 
namely that of hydrochloric acid, in order especially to com- 
pare the forms of the temperature-curve of a body which is, as 
far as we know, without a cryohydrate *, with the curve-forms 
of metallic salts, all of which have cryohydrates within the 
range of artificial cold. 

By a silver determination I found that 3:2726 grms. of a 
pure acid contained 1 grm. of HCl and 2°7734 grms. of water. 
From this acids of unit percentage weights were formed. 


TABLE XX. 


Temperature 
HCl H, O Greatest pe k 
per cent. by per cent. by cold as t which soli- Nature of 


weight. weight. | eryogen. begins. 


%%% „% 


2 6 2 „„ 


O GD n OF mm e 


The tracing of these values is shown on fig. 1, and may 
be compared with that of spirit of wine derived from the 


_° A cryohydrate of HCl has recently been described by a French 
chemist. 
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numbers given in § 96, Table XI. In neither tracing is there 
any decided indication of contrariflexure, although the spirit- 
of-wine tracing passes through its cryohydrate. In the centre 
column of Table XX. is given the greatest cold when used 
as cryogens that these acids can produce. The acid was in all 
cases at 12° C. The great specific heat of the water in which 
the HCl is dissolved prevents, of course, the attainment of the 
degree of cold equal to that necessary to solidify a cryohydrate, 
as is the case with those true salts which do not heat on hy- 
dration. 

8 132. Separation of Ice or Anhydrous Bromide of Potas- 


sium from solutions of that salt. 


TABLE XXI. 
KBr H, O Temperature 
Centigrade at Nature of solid 
Per cent. by | per cent: By Shich solidif-“ formed. 
8 8 ication begins. 
10 90 -3 Ice. 
20 80 — 7˙1 75 
30 k ` —12°0 1 
82°15 67˙9 — 13-0 Oryohydrate. 
33 67 — 98 r. 
34 66 — 50 1 
35-03 65 0 ” 
(Kr.) 39:7 60:3 +20 55 
(Kr.) 432 56'8 +40 i 


- The solubility at 0° was found from an experiment in which 
11:2939 grms. of solution gave 3°9566 grms. of KBr. As 
Kremers found 34:5, I have adapted his determinations at + 20° 
and + 40° by adding 0°5 to the numbers he gives. 

§ 133. Separation of Ice and Anhydrous Iodide of Potas- 
sium from solutions of that salt. 


TABLE XXII. 


Temperature 
KI H. O pe 
Centigrade at! Nat f 
r cent. b r cent. b & 5 
e y ene ight. y T solid formed. 
10 90 -$2 Ice. 
20 80 — 51 5 
30 70 | — 90 n 
40 | 60 | —14-4 8 
52:07 47˙ 993 —22 Oryobydrate. | 
55°93 | 44-07 | 0 KI 
(Kr.) 58·˙ 9 41˙1 +20 $ 
| (Kr.)6l-4 | 338˙6 +40 r 
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Having found that 10:3681 grms. of the solution saturated 
at 0° C. contained 5°7990 of KI, or 55:93 per cent., and since 
Kremers found 55°86, I have adapted his determination for 
the 20° and 40° temperatures by adding 0-1 per cent. to his 
results. The ascent of the tracing (fig. 1) between the cryo- 
hydrate and 0° is too abrupt for the insertion of any interme- 
diate value which shall be trustworthy. 

§ 134. Separation of Ice and Anhydrous Sulphate of Ammo- 
nium from solutions of that salt.—The salt was dried at about 
100° C., finely powdered, kept at 100° C. for ten hours, and 
kept for three days and nights in an exhausted receiver over 
sulphuric acid. 


TABLE XXIII. 


Temperature 
(NH), SO, pe . by | Centigrade at Nature of 
Per cone oy Pere n, 9Y which solidifi-| solid formed. 


weight. weight. cation begins. 
2 
10 90 — 26 Ice. 
20 80 — 60 5 
28˙6 71-4 — 10:8 j 
40 60 —1 6-0 99 
41-7 58:3 -17:0 Crychydrate. 
41˙9 58-1 0-0 (NH, ) S0,- 
(H. S.) 43:2 56:8 +190 i 


I have for the temperature 19° adopted H. Schiff’s deter- 
mination. Of all the salts which I have examined, the sul- 
phate of ammonium shows in its tracing the greatest precipi- 
tousness in its ascent from the cryohydrate to the 0° C. ratio. 
It is in this region undoubtedly very nearly a straight line. 
The solubility at 0° C. was found from the data, 13:2512 of 
the solution gave 5:5522 of the salt obtained anhydrous by the 
means mentioned above. 

§ 135. Separation of Ice or Nitrate of Ammonium from solu- 
tions of that salt.—The nitrate of ammonium used was dried at 
100° C., finely crushed, and heated to incipient fusion ; it 
ceased to lose weight but showed no trace of the nitrite. In 
the determination of the solubility at 0° C. it was treated in 
the same manner. 


oy 
H | 
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TABLE XXIV. 
Temperature 
NH, NO, aM b Centigrade at Nature of 
Per cont Dy Per ent, °Y which solidifl- solid formed. 
weight. weight. cation begins 
2 
10 90 — 35 Ice. 
20 80 — 70 i 
30 70 —115 15 
40 60 —17:0 ra 
43°7 56˙3 — 17:2 Cryohydrate. 
47 53 — 12-0 NH, NO,. 
51 49 — 57 1 
54˙1 45°9 0-0 „ 
(Kar.) 66: 43:5 +181 15 


The solubility at 18°-1 is the observation of Karsten. The 
shape of the tracing of this salt bears a remarkable resemblance 
to that of nitrate of potassium (see fig. 1). The gradual 
slope of its right-hand branch enabled me to insert two deter- 
minations there. Also noteworthy is the comparison between 
the tracing of this salt and that of the sulphate of the same 
base. Running together with near coincidence down to their 
cryohydrates, which are nearly identical in temperature and 
not far apart in percentage of salt, the one rises more abruptly 
than any other curve; the other is, with one exception, the 
most gradual. 

§ 136. Separation of Ice and Hydrated Sulphate of Magne- 
sium from the solutions of that salt. The analysis of crystallized 
sulphate of magnesium in regard to its water by direct estima- 
tion is rather unsafe, on account of the high temperature re- 
quired to drive off the last traces of water, and the decomposi- 
tion of the salt at a somewhat higher temperature. I there- 
fore determined the sulphuric acid in a sample of the sulphate 
I was about to use, and found that it was nearly the so-called 
hepthydrate. The determination of the solubility at 0° C. was 
also derived from a sulphuric-acid determination. Taking 
every 1:96 grm. of the crystallized salt as containing 1 grm. 
of MgSQ,, the following solutions were examined :— 
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TABLE XXV. 
Meso 0 Temperature 
8801 H, T at which Nature of 
ate T . by | per ea bY | solidification | solid formed. 
weight. weight. begins. | 
2 
5 95 — U6 Ice. 
10 90 — 15 ” 
15 85 — 30 ” 
20 80 — 48 ” 
21-86 78°14 — 50 Cryohydrate. 
21°9 78-1 0-0  $$MgSO,+7H,0. 
25 75 +150 | ” 
30 70 +31-0 ” 


As my determination of the solubility at 0° C. (21-9) differs 
considerably from some of those given by others (Gay-Lussac 
20:5, Graham-Otto 20°5, Pfaff 21-9), I determined for myself 
the solubilities above 0°. 

§ 137. Separation of Ice or Cryohydrate or Anhydrous Ni- 
trate of Silver from a solution of that salt.—I have not yet de- 
scribed the temperature and composition of the cryohydrate 
of this salt. A solution saturated at 0° C. and further cooled 
gives rise to an abundant crop of iridescent scales, which on 
exainination prove to be the anhydrous nitrate. This continues 
till —6°-5, when the opaque cryohydrate is formed. The solu- 
tion, however, is particularly prone to double supersaturation. 
A solution may sometimes be cooled to - 8“; and during this, 
while the crystals of the nitrate fall, ice-crystals are formed 
which float. By and hy the true cryohydrate is formed on the 
side of the glass ; and then both separate crystallizations cease. 
This double supersaturation is entirely prevented by introdu- 
cing a fragment of the previously formed cryohydrate into the 
mother-liquor which is being further cooled... The temperature 
remains then constant at —6°6 to the last drop. The final 
crop being remelted gave, on analysis, the following results :— 
14:3538 grms. gave 6:9442 grms. of AgNOs, or 48°38 per cent: 
of AgNO; in the cryohydrate. The cryohydrate has accordingly 
the composition AgNO; + 10:09 H, O. The temperature —6°5 
is obtained on employing nitrate of silver as acryogen. There 
are few more beautiful colourless bodies than the cryohydrate 
of silver. Opaque, lustrous, and semimetallic, it is somewhat 
heavier than the liquid in which it is formed. 
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Of a solution saturated at 0° I found that 6°3581 grms. gave 
3:5068 of the anhydrous nitrate, or 55:01 per cent. Kremers 
found 54:9 ; and accordingly I have availed myself of his deter- 
minations for the solubilities above 0° C. by adding 0:1 to his 
percentages. 


TABLE XXVI. 


z Temperature 
AN H; at which soli 
oli-| Nature of 
Pn an by . by dification solid formed. 
E ar begins. 
10 90 — 08 Ice. 
20 80 — 27 
30 70 = 47 i 
40 60 — 6 , 
48:3 51:7 — 65  |Cryohydrate. 
50 50 —_ 5-5 N ji 
55 4 E a 
(Kr.) 69-4 30:4 +195 M 


§ 138. Thoughts suggested by fig. 1—As the whole field 
of inquiry contained below the zero-line of fig. 1 has, I be- 
lieve, remained hitherto unexplored, L am tempted to submit 
a few remarks upon it. First, of course, the tracings should 
be continuous curves between 0° and the cryohydrates, and 
again between the latter and the boiling-point of the saturated 
solutions, and doubtless, under pressure, beyond. Further, it 
seems that the curves are all varieties of the same kind. The 
figure 2 shows what we may liken to the backbone of the 
curve, with a typical curve about it. There is no absolute 
measure of what may be called the a 
eccentricity of the curve, because PIBA 
there is no common measure be- 
tween percentage composition and 
temperature ; both are measured in 
arbitrary units. But this does not 
affect the type or order of the curve’s 
equation. On the left-hand branches 
there appears to be a point of con- 
trariflexure. The only apparent 
exceptions to this are KI, alcohol, 
and HCl. Concerning the two lat- 


0 


1 2 
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ter, doubtless we only see a fragment of their curves before 
their final cryohydrates. If there be such a point with KI it 
must lie between 40 per cent. and the cryohydrate, which is 
well possible. There seems to be a point of contrariflexure 
also on the right-hand branch, though sometimes the curvature 
is so small that this point is practically obliterated. The ave- 
rage slope of descent to the cryohydrate is invariably less than 
the slope of ascent thence to zero. Indeed every tangent to 
the left-hand branch of each curve makes a more acute angle 
with the zero axis than any tangent to the right-hand branch 
of the same curve. If this be true throughout, the unknown 
right-hand branch of the HCl curve must be very nearly at 
right angles to the axis of 0° C. There is no evidence to show 
that the right-hand branch is continuous with the left-hand. 
In the case of the halogen salts this almost appears to be di- 
stinctly shown not to be the case. If the branches be conti- 
nuous, it appears that the colder the cryohydrate the less the 
curvature there. If the branches be discontinuous, the colder 
the cryohydrate the more acute is the angle between the tan- 
gents at the intersection of the curves. This rule holds good 
in all cases ; but between NaCl and KI there is considerable 
difference of sharpness at the cryohydrate, attending identity of 
temperature. It is not the case that the deeper the valley the 
more precipitous the ascent, travelling from left to right; nor 
is it true that the deepest valley has the widest mouth. That 
is, salts the most soluble at 0° do not have the coldest cryohy- 
drates, and therefore do not form the most powerful cryogens. 

In the shape of the bottoms of the valleys (that is, the cur- 
vature about the cryohydrates) the curves of the oxygen salts 
show a likeness to one another as distinguished from the halo- 
gen salts. Considering the former by themselves, we might 
be inclined to view their two branches as being in all cases 
continuous. To settle the question decisively whether these 
curves are continuous, hundredths of degrees would have to 
be read with precision, and the initial formation of ice noted 
within that range. If we judge by the aspect of the halogen 
curves and the general continuity in properties between the 
halogen and the oxygen salts, I am inclined to consider the 
two branches discontinuous in all cases. 

The tracings assume, of course, somewhat different positions 
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if they are referred to molecular ratio instead of to absolute- 
weight ratio. Without determining each tracing for all its 
intermediate values, we may join by straight lines the points 
representing the molecular solubility at 0° with the molecular 
value of the cryohydrate. While each of these lines is, of 
course, parallel to the corresponding line derived from fig. 1, 
being got by determining its extremities by division of the 
percentage by the molecular weight, such division necessarily 
brings those lines relatively further towards the left whose 
salts have heavy molecules. The extreme points of the lines 
are got by dividing the percentage values of fig. 1 by the 
molecular weights and multiplying by 100. I know no pro- 
perty of the salts here under examination which would have 
enabled us to predict the position and inclination of these lines. 
Neither are the water-worths of the salts as cryohydrates nor 
their solubilities in water at 0° C. in any obvious accord with 
_ their known properties. 


Correlation between the Boiling and the Glaciation of Salt 
Solutions. 


§ 139. Looking upon the phenomenon of solution as being 
brought about by the exercise of the force, physical affinity, 
and regarding the act itself as being in the first instance caused 
by the prevalence of what may be called physical adhesion 
(as distinguished from mechanical) between the water and the 
salt over the sum of the physical cohesions of the water and of 
the salt, we must after the first contact (that is, when some of 
the salt is dissolved) regard the contest as between the physical 
adhesion between the salt and the solution of it on the one 
hand, and on the other the physical cohesion of the salt toge- 
ther with the physical cohesion of the solution of it. By an 
increase of temperature the physical cohesion of the salt is les- 
sened. By the solution of more salt the physical adhesion be- 
tween the salt and the solution is lessened. Thus a partially 
saturated solution so far resembles what some chemists call a 
partially saturated atom, that it exhibits not necessarily a lesser 
energy, but always a lesser capacity for saturation than a still 
less saturated one. (Witness anhydrous sulphate of magne- 
sium compared with the crystalline salt.) Let us suppose that 
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at a temperature ¢° a weight w of water dissolves z of s, the 


weight of the salt. Then using the symbol to denote either 
physical adhesion or cohesion, we have the condition of equili- 
brium or saturation expressed by the equation 


e h-D - 
6.999 


Or, since the tensions of physical adhesion and cohesion are 
independent of quantity, 


s~ (wt 2) (v *) ~ (w+ ). 
N n n 


At a temperature ¢,°, 


a(t i 14a) (w+ a) 


where d is + or — according generally as t° is > or < 
than .“. 
The expression 


8 A~ (v+ 7) ( 9 2) 
n n 


implies that the water is not saturated ; while 


so (w+ ) 0 (w+ 2) 
n n. n 


implies that it is supersaturated. The above equations are the 
general ones for all salt solutions above 0° C. For tempera- 
tures below 0° C. another element manifests itself with greater 
force as the temperature is lowered, namely the physical affi- 
nity between the solid salt and solid water. If in fig. 1 we 
draw a straight line parallel to and below the zero axis so as to 
cut any one tracing in two points (it never can be cut in more 
than two points), we see that solidification may ensue at the 
same temperature in two differently strong aqueous solutions 
of the same salt. The intersection with the left-hand branch 
is the condition of equilibrium resulting from the equality be- 
tween :—on the one hand, ice — ice together with salt ~ water ; 
on the other, salt solution ~ water, 
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ice ice + S a) io. 
n 


The intersection on the right-hand branch shows the condi- 
tions under which there is equilibrium between :—on the one 
hand, salt ~ salt (or hydrate of salt ~ hydrate of salt) toge- 
ther with the salt solution — salt solution; on the other, salt 


solution © salt or hydrate, 


: (r 
calt ~aalt + (wt 2) ~(w+ 3) =(w+ 2) 8. 


Looking upon the cryohydrate as a common value, we have 


x 8 w 8 w 
ice^i —~s+ice—~s= 542) „(„A s. 
1ce Ice +s s+ (: 1 a 


§ 140. Compare now the decomposition of a salt solution by 
the loss of heat with the decomposition by gain of heat when 
such a solution boils. And in instituting this comparison, we 
must bear in mind how much more sensitive to variation in 


pressure is the boiling- than the solidifying-point. 


(1) A solution poorer than 
the cryohydrate loses heat ; ice 
is formed. 


(2) This goes on until the 
proportion of the eryohydrate is 
reached, the temperature falling. 

(3) The cryohydrate may be 
reached by freezing out ice from 
a weaker solution, or by any 
other withdrawal of water. 

(4) When ice separates from 
a liquid, it remains in contact 
with the liquid, and endeavours 
to redissolve therein. 

(5) When by the separation 
of ice the proportion of the 
cryohydrate is reached (nearly 
independent of pressure), ice and 
the salt separate simultaneously. 

(6) The two bodies (ice and 


the salt) being erystallizable | 


(1) A solution poorer than 
that saturated at a given tem- 
perature receives heat; vapour 
is formed. 

(2) This goes on until satura- 
tion is reached, the temperature 
rising. 

(3) Saturation may be reached 
by evaporation, boiling, or any 
other withdrawal of water. 


(4) Vapour separated from a 
liquid is removed from the field 
of contention, unless the liquid 
be enclosed with the vapour. 

(5) When by the separation 
of vapour the proportion of sa- 
turation is reached (very depen- 
dent upon pressure), vapour and 
the salt separate simultaneously. 

(6) One being a solid and the 
other a vapour, they do not 
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solids, unite to form a crystalli- 
zable cryohydrate which exhi- 
bits a constant gravimetric com- 
position. 

(7) A cryohydrate in the act 
of solidification shows identity 
of composition between the solid 
and liquid portions. The tem- 
perature of solidification is con- 
stant. 


unite, but in their separation 
preserve a constant gravimetric 
ratio under like conditions of 
pressure. 

(7) A saturated solution,when 
boiling, sho.vs the same ratio be- 
tween the vapour formed and 
the salt precipitated as exists be- 
tween the liquid water present 
and the salt it holds in solution. 


The temperature of boiling 1s 
(under like pressure) constant. 


§ 141. A cryohydrate undergoing solidification may there- 
fore be considered physically as the homologue of a saturated 
salt solution in the act of boiling. For absolute comparison 
we should have to eliminate pressure, or rather make auto- 
matic pressure the measure of the effect of elimination. 
Wüllner (Pogg. Ann. Bd. cx.) found that the vapour-tension 
of a salt solution varied inversely with the amount of salt it 
contained. Thus at 51°8 the vapour-tension of aqueous so- 
lutions of chloride of sodium, in mercury pressure, were found 
to be :— 


H, O. NaCl. millim. 

100 0 100 
90 10 | 94 
80 20 88 


Wiillner also found that the diminution of the vapour-ten- 
sion effected by a given percentage of the salt increases as the 
vapour-tension increases ; that is, the diminution is greater as 
the temperature is greater. Looking upon vapour-tension as 
the mechanical equivalent of effort at separation, we find that 
it has its perfect counterpart in the left-hand branches of the 
curves of fig. 1. Compare the quantity of vapour with the 
quantity of ice, The left-hand branches are nearly straight 
lines; but they are on the whole clearly concave downwards. 
The variation in the nature of the salt also affects the vapour- 
tensions; and on constructing the curves of vapour-tension of 
different salts in solutions of different strengths, we see that 
the ice-curve is algebraically continuous with the vapour-ten- 
sion curve, The same may be also ecen if we assume that the 
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atmospheric pressure, being constant, will not affect the order 
of curvature of the curves representing the ratio of salt in a 
solution and its boiling-point. 

§ 142. The fact that the separate constituents of a solution 
of the proportion of a cryohydrate are both of one form of 
matter, of course favours their combination. With boiling 
aqueous solutions the dissimilarity of the educts is generally 
unfavourable to their union. There is ample evidence, how- 
ever, of a similar, though less definite (because more influenced 
by pressure), reunion of the constituents of certain solutions. 
If an indefinite quantity of dilute alcohol be rectified 100 
times at a constant pressure in such a manner that the first 
(say half) portion is redistilled, the water is never eliminated, 
nor does the strengthening extend beyond a definite limit. 
Perhaps the experiments bearing most directly upon this 
train of thought are those of Roscoe and Dittmar on the 
hydration of acids. Since, for instance, nitric acid contain- 
ing 80 per cent. of HNO; is weakened on boiling (consider- 
ing the residual body), and an acid containing 60 per cent. 
is strengthened by boiling, until in both cases an acid con- 
taining nearly 70 per cent. of HNO; is got, which boils at 
120° C. at 760 millims., this body was viewed as a definite 
hydrate. Roscoe showed that this acid, if it be boiled at a 
lower or higher pressure, is itself decomposed. So with hy- 
drobromic, hydrochloric, and hydriodic acids, with sulphuric 
acid, and with ammonia. We have here physical ratios con- 
ditioned by pressure. Without doubt the cryohydrates 
would vary in composition if they were formed at enormous 
pressures; for the variation effected by pressure in the 
freezing-point of water is not likely to be precisely the same 
as the variation in the solidifying of a salt out of a solution. 
Trifling as these differences would assuredly be under all 
conditions of variation of artificial pressure, the thought is 
not remote that we may have to refer the extraordinary va- 
riation in quantity of the elements of some perfectly well 
crystallized and constantly composed minerals -from what is 
sometimes called the atomic ratio to the enormous pressure 
attending their genesis. The fact that such composition may 
be represented on paper by the complex manipulation of 
ratios known amongst laboratory products, can only be ad- 
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mitted into the argument when their formation can be shown 
in the laboratory by means such as may be fairly supposed 
to exist in nature. In a word, under vast changes of tem- 
perature and pressure, the gravimetric saturating quantities, 
or “atomic weights, of elementary substances may vary. 
And it is perhaps noteworthy that this conception, which 
has urged itself upon us with rare force in the consideration 
of the relations by weight of bodies in union at extremely 
low temperatures, is the same as that which has been brought 
forward by some of those who have examined the relation of 
the elements when subjected to the high temperature and 
abnormal pressure of the sun’s mass, which has, as a doc- 
trine of continuity, commended itself to some of the most 
philosophic chemists, and which is certainly in harmony with 
the conception of dynamic energy, whether of mass or mere 
velocity. 

Our chemistry, as it is generally understood, is the chemistry 
of one atmosphere pressure. 


Separation of Ice from Solutions of Mixtures of Salts. 
§ 143. In III. §§ 109-122, I proved that on cooling a 


saturated solution of two salts, the temperature of the cryo- 
hydrate, when reached after separation of various quantities 
of the constituents, was never sensibly lower than that of the 
constituent which had the lowest of the two cryohydrate 
temperatures. In these experiments I was careful to use 
the salts in such proportion that recombination in integral 
quantity was possible. In the series of experiments now to 
be described, where ice has to be separated from a mixture 
while the salts themselves remain in solution, we may, in 
those cases at all events where no double decomposition is 
possible, take equal weights of the salts, so as to compare 
the results with those of fig. 1; and for this study I will 
here confine myself principally to the two nitrates AgNO, 
and NH,NO;, because nitrates are especially free from ten- 
dency to form double salts, and because the tracings of the 
ico-separating temperatures of the individual salts are of 
widely different range and character. 
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§ 144. Separation of Ice from mixed Solutions of the Nitrates 
of Silver and Ammonium.—The following are all 20 per cent. 
solid. 


Sol. 1. AgNO; . . 20 grms. $ 
NH,NO;. . 10 , lene ice at — 4'3. 


H,O 120 „ 

Sol. 2. Ag NO; 20 „ : 
NH,NO; 20 „ } „ „ —50. 
H,O . 160 „ 

Sol. 3. AgNO; 20 „ 
NH. NO; 30 „ „ „ wo. 
H,O . 200 „„ 

Sol. 4. AgNO, 10 „ 
NH. NO; 20 „ „ „ —5˙8. 
HZO 120 „ 

The following are all 30 per cent. solid :— 

Sol. 5. AgNO; . . 30grms. 
NH. NO.. . 15 „ es ice at — 6'8. 
HzO. . 105 „ 

Sol. 6. AgNO; . . 30 ,, : 
NH,NO;. . 30 „ \ „ „ 780. 
HzO 140 „ 

Sol. 7. AgNO; . . 20 „ 
NH. NO; 30 „ „ „ SO: 
H,O . 116°6 ,, 

Sol. 8. AgNO, . 20 „ 
NH,NO;. . 40 „ } „ „ —97˙1. 
H,O . 140 „ 


On comparing these results with those given in fig. 1 
(showing the ice-tracings for the separate salts, which are also 
20 and 30 per cent. solid), the following results are obtained 
in regard to the comparative influences of nitrate of silver and 
nitrate of ammonium in retaining ice in solution. 
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TABLE XXVII. 


Solution. Calculated. Found. 
l o 
I. AgNO, = 2 NH. NO, —410. —43C. 
20 2. „ =l 5 — 48 —5˙0 
per cent.] 3. „ = es —5-3 —5˙5 
4. ye = t ” —5˙5 —53 
5. „ =? 5 —6˙9 —6°8 
30 per cent. * = ae as 
8. ” = f ” —9˙2 —9·˙1 


The calculated numbers are got under the hypothesis that 
the influences of the constituents of the mixture are propor- 
tional to their masses. That is, if there be n grms. of A 
and m grms. of B, each being a p per cent. solution, and if 
A alone gives out ice at ti and B at , then (t being the tem- 
perature at which the mixture gives up ice) 

n 


ntm (=h); 


and the numbers found do not differ from those calculated 
more than may be attributed to errors of observation. 

§ 145. Separation of Ice from the mixed Sulphate and Nitrate 
of Ammonium.—Of the 10-per-cent. solution of the sulphate of 
ammonium 20 grms. were taken; of the 10-per-cent. solution 
of the nitrate of ammonium 10 grms. were taken. The mix- 
ture of these gave up ice at —3°2, which is exactly the tem- 
perature calculated from the above equation, the glaciating 
points of the two solutions being —2°6 and —3%5 respectively. 
We may assume therefore, generally, that the temperature of 
glaciation of a mixture of two salt solutions of the same per- 
centage strength is a mean between the glaciation-tempera- 
tures of its constituents, when new salts are not formed. This 
chapter, however, will require a great amount of further work, 
especially for those cases where the constituent solutions of 
the mixture are not of the same strength. 

§ 146. Further examination of Iodide of Sodium. In con- 
clusion I am very glad to be able to throw a clear light on 
the anomalous and exceptional behaviour of the iodide of 
sodium, From §§ 65, 68, 69, it appears that while as a 


t=t + 
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eryogen this salt gives the temperature —26°5, it solidifies 
as a cryohydrate at _15°, A large quantity of the iodide, 
purified by several recrystallizations, was dissolved to satura- 
tion at 12° C., and very gradually cooled to 0°. The crystals 
given up in this range proved to be anhydrous iodide. On 
further cooling to —12°, a second crop of crystals was formed, 
which also proved anhydrous. Between —12° and —20° but 
little further solidification occurred. When —23° was reached 
rapid solidification began, and the temperature rose to — 15°. 
In another similar case the temperature sank to —24° before 
solidification began. The whole becomes of a dough-like 
pastiness. The crystals are long, silky needles; they remain 
transparent. On further cooling in a chloride-of-calcium 
cryogen to —26°, the silvery opacity due to a true cryo- 
hydrate is produced, and the whole becomes of a stony hard- 
ness. It is clear, therefore, that with the iodide as with the 
chloride of sodium there are two cryohydrates the suberyo- 
hydrate, having a melting- and solidifying- point at —15°; and 
another, which in combination with the first has a melting- 
and solidifying-point at _96°5. We have therefore to look 
for the true (that is, lowest-temperatured ) cryohydrate in 
solutions weaker than that analyzed in § 65, which had 59°45 
per cent. With the chloride of sodiam there is no difficulty 
in separating the gubcryohydrate ; the latter body falls as 
iridescent scales, and leaves the residual liquid clear. With 
the iodide of sodium no such mechanical separation ensues, 
and no artificial separation demanding the maintenance of so 
low a temperature would be trustworthy. 

To get at the composition of the true cryohydrate it must 
be approached from the other side—not from saturated, but 
from dilute solutions (see § 123). I have accordingly exa- 
mined in succession the temperatures at which ice or other 
body separates from percentage solutions of Nal. 
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TABLE XXVIII. 


Temperature O. . 
Nal per cent. O per cent. pe * Nature of solid 
* ’ . ’ t h = 
by weight. y weight. R Aeta 52 separated. 


Suberyohydrate, 


60 40 — 14:7 ” 
61°6 38°4 0-0 Nal. 
63°6 36-4 +13 e 


With regard to the first eight determinations there is no- 
thing particular to remark. For the 40-per-cent. solution a 
CaCl; cryogen had to be used. Finding that ice separated 
from the 45 solution, and the subcryohydrate from the 50 
solution, I concluded that the composition of the true cryo- 
hydrate must lie between these values. I accordingly sub- 
mitted several ounces of the 45, and also of the 50 solution to 
a carbonic-acid cryogen. From the first ice separated; from 
the second the subcryohydrate. The temperature sank in 
both cases to — 30°, and there remained constant, while from 
both crop after crop of the pearly-white true cryohydrate was 
formed. After about three quarters of each had been thus 
removed, the temperature still remaining at —30°, the residual 
liquids were analyzed by evaporation and strong heating. 

Of 45 solution 10:9945 gave 5°3982 Nal or 49-1 per cent. 
Of 60 „ 146176 „, 71932 „ ,, 492 , 

Accordingly the true cryohydrate is reached from either 
side. The water worth of this salt is 8°603. It would only 
be possible to deduce the composition of the subcryohydrate 
if we knew the relative quantities of the two present, as well 
as the composition of their compounds. The reason why the 
dry iodide does not give the temperature of —30° when used 
as a cryogen is no doubt because, like chloride of calcium, it 
evolves a large amount of heat in coming into contact with 
water. But in spite of this deficit, the temperature of the 
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cryogen is governed, as we have seen it to be before, by that 
of its coldest constituent. The speculation concerning iodide 
of sodium in § 69“ is fully justified. 

For the solubility at 0°, a solution saturated at 8° was kept 
for three hours at 0°C. Of this, 10:7932 grms. contained 
6:6486 grms. of this salt: this gives 61°6 per cent.; Kremers 
found 61:3. 

§ 147. No salt can well be more favourable than the iodide 
of sodium for the study of double supersaturation. The values 
of the solution between 49:2 and 61°6 show this phenomenon 
in a remarkable manner. Thus a solution of 60 per cent. 
may be kept for hours at — 205. It may be stirred, shaken, 
particles of dust and particles of NaI may be thrown in, a 
glass rod covered with a film of hoar-frost inserted, it remains 
quite limpid. Cooled a few degrees lower, it becomes sud- 
denly semisolid, and rises to —15° or —14° in temperature. 
At values approaching the cryohydrate, but rather less strong, 
it may happen, as the excess of water is removed by cold, 
that instead of the cryohydrate being formed when the right 
strength is reached, the subcryohydrate is produced continu- 
ously with the further separation of ice. The one set of 
crystals floats, the other sinks. This occasional state of things 
is the most perfect counterpart of the simultaneous separation 
of water as vapour and the salt when a saturated solution 
boils, considered in § 140. A drop or two of the same solu- 
tion, suddenly cooled to opaque solidification, determines the 
formation of the true cryohydrate. 

I beg the reader to note the following corrections of, and 
additions to, Table X. § 88. In the case of correction, the 
corrected number is marked with *, the previously given 
number being placed in brackets. 


Temperature 


Temperature „ Water- Per cent. 
Formula of salt. of cryogen. of solidification worth. | olanik 


of cryohydrate. 
Add ...... CaCl, +3H,O —33 —37 11-8 36°45 
Correct... NaI —26°5 —30*(—15 8˙6 49˙2 
Correct... NH, Cl —16 —16*(—15 12˙4 19°27 
Add AgNO, — 65 — 65 10°09 | 48:38 
Correct... KNO, — 3 — 3*(—26)| 446 1120 


* In this paragraph read “cryohydrate of iodide of sodium“ instead 
of“ cryohydrate of sodium.” 
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VI. Remarkable Atmospheric Phenomena in Ceylon. By 
the Rev. R. Assay, M. A.“ 


One of the most startling and extraordinary of all atmo- 
spheric phenomena may be seen during fine weather from 
the summit of Adam's Peak in Ceylon. This mountain 
rises extremely abruptly from the low country, and by its 
elevation of 7200 feet above the sea commands a most exten- 
sive and map-like view of all the low lands to the south-west 
and north-west for a distance of 50 miles or more up to the 
sea coast. The upper part of the mountain is an acute cone 
of solid rock, some 2000 feet or more in height, that rises in 
perfect isolation above the range of which it forms a part, and 
also above all the neighbouring mountains to the east and 
north. The phenomenon, which is described by all who have 
witnessed it as of the most striking character, is seen at sun- 
rise, and consists apparently of an enormous elongated shadow 
of the mountain projected to the westward, not only over the 
land but over the sea, to a distance of 70 or 80 miles. As 
the sun rises higher it rapidly approaches the mountain, and 
appears at the same time to rise before the spectator in the 
form of a gigantic pyramid of shadow. Distant objects, a 
hill or a river (or even Colombo itself, at a distance of 45 
miles), may be distinctly seen through it, lighted up by the 
sunlight, diffused most probably by the surrounding illuminated 
atmosphere ; so that the shadow is not really a shadow on the 
land, but a veil of darkness suspended between the observer 
and the low country. All this time it is rapidly rising and 
approaching, and each instant becoming more distinct, until 
suddenly it seems to fall back on the spectator, like a ladder 
that has been reared beyond the vertical ; and the next instant 
it is gone. Of the accuracy of the above facts I have no 
doubt whatever. A great number of trustworthy witnesses 
have described it to me; and but for a sudden attack of fever 
at the foot of the peak, which prevented an ascent being made 
in the evening, I should have been able to describe it from 
personal observation. As it was I ascended next day and was 
able to form a very good idea of the conditions under which 
the phenomenon takes place ; but I was, of course, unable to 


* Read May 27, 1876. 
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obtain accurate data as to the duration of the veil, the height 
to which its apex rises above the horizontal, the elevation of 
the sun, &c. If I am right in supposing that no explanation 
has ever been offered of this remarkable appearance, the follow- 
ing remarks, which appear to be fairly satisfactory, may 
perhaps not be uninteresting. The average temperature at 
night in the low country, during the dry season when 
Europeans ascend the mountain, is between 70° and 80° F., 
whilst that on the summit of the peak is from 80° to 40° F. 
Consequently the lower strata of air are much less dense than 
the upper ; and an almost horizontal ray of light passing over 
the sammit, must of necessity be refracted upwards and suffer 
total internal reflection as in the case of an ordinary mirage. 
This may be readily seen by a reference to fig. 1, where a 


Fig. 1. 


4 
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nearly horizontal ray passing over the summit of the peak P 
suffers total internal reflection at A, and is deviated upwards 
in the direction AB; or when a less horizontal ray is refracted 
at C, reflected at D, and refracted again at E, it finally 
issues along the line EF. It will be evident from fig. 1 that 
the shaded parts represent the veil of darkness at three dif- 
forent moments of time, and also that the veil appears to rise 
as its base approaches the mountain, i. e. as the sun rises and 
the rays fall less horizontally. 

By referring to fig. 2 it will be seen how the aerial shadow 


——— 
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of the upper part of the peak, i. e. the part above A B, suffers 
total internal reflection, and is thrown upwards into the air as 
CE D. It will also be evident, by comparing the two figures, 
that as the veil of darkness approaches it must tend to. assume 
a more vertical position until it reaches the critical angle 
when total internal reflection ceases and the veil suddenly dis- 
appears. Its apparent tilting over on the spectator I imagine 
to be merely an illusion produced by the rapid approach and 
rising of the dark veil without any gradual disappearance 
which can be watched and estimated. It will be evident that 
it is the illumination of the innumerable particles floating in 
the atmosphere, and capable of reflecting light, that causes this 
aerial shadow to be visible by contrast. 

Another atmospheric phenomenon visible in Ceylon, of 
great interest but not so striking in character as the above, 
admits of an equally simple explanation. Not unfrequently in 
the mountain districts broad beams apparently of bluish light 
may be seen extending from the zenith downwards, converging 
and narrowing as they approach the horizon. This ray-like 
appearance is very similar to that seen before sunrise; only the 
point from which the rays proceed is opposite the sun: the 
rays themselves are very broad and blue in colour; and the 
spaces between them have the ordinary illumination of the rest 
of the sky. If we suppose in this instance that the lower 
strata of air are colder than the upper (a condition of the 
atmosphere which not unfrequently occurs in a tropical moun- 
tain district like that of Ceylon, where large currents of heated 
air sweeping up a valley cross another valley nearly at right 
angles and at a considerable elevation above it), the refraction 
spoken of in the case of Adam’s Peak will be downwards instead 
of upwards. If, too, the observer be below, the veil of darkness 
will appear to him like a very elongated triangle apex downwards, 
or broad ray, through which the blue sky beyond may be seen 
free from the palish illumination of the atmosphere, whilst on 
either side the ordinary illuminated sky will be seen. If now 
we suppose several isolated masses of cloud to partially obscure 
the sun, as was the case when I witnessed the phenomenon, 
we may have several corresponding inverted veils of darkness, 
like blue rays in the sky, all apparently converging towards 
the same point below the horizon. This apparent convergence 
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of the beams is merely an effect of distance, as in the case of 
parallel rays of light from the rising or setting sun, the blue 
rays being practically parallel bands in the atmosphere devoid 
of illumination. It will be evident that conical-shaped clouds: 
are not necessary to produce this effect. Isolated clouds of 
any massive form would be sufficient to throw the bands of 
shadow through the illuminated atmosphere, and refraction 
and perspective would do the rest. The above phenomenon is 
called by the Singhalese “‘ Buddha’s rays; and though accord- 
ing toSir Emerson Tennent it is very varied in character and 
appears in different parts of the sky, yet I have only seen it 
when the sun was low at evening and when the rays con- 
verged to a point, apparently directly opposite the sun; and I 
do not think it possible for the phenomenon to be seen in any 
other position. 


VII. Model of a small Electrical Machine. 
By GEORGE FuLLER, C. E., Belfast“. 


This machine is a double- acting electrophorus worked by 
cranks, with the addition of an arrangement by which a small 
electric charge given to it is augmented and kept up, so that 
the dielectric does not require to be recharged. 

A is a vulcanite plate supported in a vertical position by two 
insulated standards, p, p. 

B, B’ are two insulated metallic plates, one on each side of 
the plate A; these can be moved together to and from con- 
tact with A by means of cranks worked by the handle C. 

m and n are two conductors armed with needles and con- 
nected by means of two glass rods, so that they receive the 
same reciprocal motion from the mechanism by means of the 
wire, cord, and pulleys, g, g, 9. The wire g is attached to the 
arm that moves the plate B/; and the length of the cord and 
size of pulley are so adjusted that when this is in its extreme 
position from A, as shown, m and 7 are also at one extremity 
of their motion, as shown ; and when B and B’ are in contact 
with A, m and n are horizontal. The conductor n is not insu- 
lated; and it will be seen by the diagram that n and n during 
their motion pass on either side of the plate A. 

Read June 24, 1876. 
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To the conductor m is fixed a wire terminating in a brass 
ball, d; this wire is of such length and form that when B and 
B’ recede from A, and m and n move downwards from their 
horizontal position, the ball d passes close to B’. Care has to be 
taken that this juxtaposition does not occur until the vulcanite 
plate separates the points on m and n. 

The action of the instrument is as follows :—A charge of, 
say, negative electricity having been given to the insulated 
arm m when in a vertical position, on motion being given to 


the machine this electricity is distributed by means of the 
points over the face of the vulcanite next to B; at the same 
time positive electricity is drawn from the earth, thrown upon 
the other face of that plate by the uninsulated points attached 
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to n. When now B and B/ are brought into contact with A, 
the negative electricity on its one face attracts the positive on 
the conductor B and repels the negative, whilst the positive on 
its opposite face attracts the negative on the conductor B’ and 
repels the positive; then, by means of the piece of tinfoil (r) that 
connects B and B/ when they are in contact with A, the two 
electricities that are repelled neutralize each other ; and when 
the plates are moved away from the vulcanite, B is charged 
with positive and B/ with negative electricity. Then, before 
reaching its extreme position, the latter communicates its 
charge to the insulated arm m by the brass ball d, and its ne- 
gative electricity is thus distributed over the surface of A next 
to B and thus augments its original charge. At the end of its 
path B’ is momentarily connected to earth. It will be evident 
that on again bringing the plates into contact the charge in B 
is augmented ; also that if a supply of negative electricity is 
required, the only modification of the above is to give to ma 
charge of positive instead of negative electricity. 

The above instrament forms an easily constructed and worked 
electrical machine, and is beside interesting as rendering auto- 
matic the classical electrophorus of Volta. 
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VIII. On Salt Solutions and Attached Water. 
By FREDERICK GUTHRIE. 
{Continued from p. 79.] 
V. 
(1) Separation of Ice, Salt, Hydrate or Cryohydrate from Salt 
Solutions (continued ). 
§ 148. Separation of Ice &c. from Solutions of Chloride of 
Barium. 


TABLR XXIX. 


Temperature 
Wie ial 2 Per aa H,O per cent. | at which solidi-| Nature of solid. 


by weight. | fication begins. 


I again found the temperature of the cryogen to be —7°3 
(—7°2, § 78), and the temperature of the cryohydrate to be 
—7°5 to —8°. But it is seen that as derived from a dilute 
solution I now find the cryohydrate to contain only 21°83 per 
cent. of BaCl,, while in § 78, where it was derived from a sa- 
turated solution, I found 23:2. No doubt the smaller of these 
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numbers is the more correct. The composition of the cryohy- 
drate was derived from the following data. 6:5151 of melted 
cryohydrate gave 1:5225. The water-worth is accordingly 
41:357. The solubility at 0° C. was derived from the fol- 
lowing :— 
1. 2. 
Solution . . 67830 79470 
BaCl, . . 16214 1:9119 
Per cent. . 23°90 24°06 23°98 


§ 149. Separation of Ice §c. from Solutions of Protosulphate 
of Iron. 


Mean. 


TABLE XXX. 


| Temperature 
FeSO, per cent. i per cent. | it which solidi-| Nature of solid. 


by weight. weight. 


fication begins. 


o 
5 95 —0˙2 Toe. 

10 90 —0˙8 5 

14:5 85-5 —20 Cryoh te 

14°9 85:1 0-0 FeSO,+7H,0 


As in § 148, I find the composition of the cryohydrate to 
show somewhat less salt than previously (§ 82), where the 
cryohydrate was obtained from a saturated solution, and where 
the amount of salt was determined by simple evaporation. I 
now find the melting-point of the cryohydrate to be —2° C.; 
and the temperature of the cryogen is exactly the same. In 
the above-given determinations of the cryohydrate and of the 
solubility at 0° C. the solution was oxidized with nitric acid, 
the sesquioxide was precipitated with ammonia and weighed ; 
the amount of FeSO, was thence deduced. For the cryohy- 
drate, 

4°8076 grms. gave 0°3676 Fe, Os, or 0°6984 Fe SQ,. 
The water-worth is therefore 49:8. For the solubility at 0° C., 
7°7890 grms. gave 0°6080 Fe, O,, or 1:1552 Fe SO. 


§ 150. Separation of Ice §c. from Solutions of Tribaxic 
Phosphate of Sodium and Hydrogen, Na, H PO,+2H, O.— 
This, the most usual phosphate of sodium, when used as a cryo- 
gen only reduces the temperature to —1°-0 C. The cryohy- 
drate also melts at the same temperature (I found —0°9). 
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Owing to this short range of temperature it is impossible 
to examine the separation of ice from solutions of various 
strengths. The determinations were made by reducing the 
salt to a bibasic pyrophosphate of sodium. For the cryohy- 


drate, 
Mean per cent. 


EN 2. 

Solution. 6:5760 9-3401 1:72 of Na, P, Or, or 

Na, P. O,. 01119 0°1627 1°83 of Na, HPO,- 
The water-worth is accordingly 852. 

The following gave the solubility at 0° C. :— 

6:7277 grms. of solution gave 0°1264 of Na, Pa Oi, or 2°0 per 
cent. of Na, H PO, 

$ 151. Separation of Ice &c. from Solutions of Nitrate of 
Sodium. 

TABLE XXXI. 


Temperature i 
cent. by weight.“ by weight. ieee Bd Nature of solid. 


NaNO, per H O per cent. 


0 
5 95 — 2 Ice. 
10 90 3 4˙2 99 
15 85 — 63 n 
20 80 — 84 j 
25 75 —10°8 s 
35 65 —15°5 ” 
| 40 80 59˙2 —17˙5 Cryohydrate. 
Ss i NaNO, or sub- 
ö 3 2006 N { eryoliydrato. 


| 
There appears to be a subcryohydrate of a composition in- 
termediate between 40°80 and 42°34 per cent. For the deter- 
mination of the composition of the cryohydrate I refer to § 75. 
The solubility at 0° C. was derived from the data; 6°0660 of 
solution gave 2°5682 of Na NO;z. It is remarkable that Marx 
found 44°4 per cent. and Poggiale 44°3 per cent. of the anhy- 
drous salt. The salt I employed was made from the pure bi- 
carbonate, and was entirely free from sulphates and chlorides. 
As in all similar determinations, I was not content to surround 
the flask containing the nitrate with ice ; for I never find that 
by this means the temperature in the flask sinks to 0° C. A 
few grains of salt are added to the ice ; and the temperature, as 
indicated by a continually agitated thermometer in the solu- 
tion, remains for four or five hours at 0° C. 
H 2 
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§ 152. Separation of Ice &c. from Solutions of Nitrate of Lead. 
Tasir XXXII. 


rature 


Tem 
Pb2(NO,) per at which solidi- 


H,O per cent. 


cent. by weight. by weight. fication begins. 
o 

5 95 —0˙3 
10 90 —05 
15 85 —07 
20 80 —1-2 ji 
26-23 13°77 —2˙5 ohydrate. 
29 · 89 70-11 0-0 PS (NO,). 


The temperature of the cryogen is — 255. The solutions 
were analyzed by simple evaporation and gentle heating. 

§ 153. Separation of Ice &c. from Solutions of Nitrate of 
Barium.—As the solution of this salt was found to contain 
only 5°37 per cent. of the anhydrous salt at 0° C., and as the 
cryohydrate only contains 5-3 (§ 80), only one intermediate 
observation on the separation of ice could be got, namely that 
of the 3-per-cent. solution, which gave up ice at — O4. 

§ 154. Separation of Ice §c. from Solutions of Nitrate of 


Strontium. 
TABLE XXXIII. 


Sn 2(NO,) per | H, O per cent. N which solidi- 
cent. by weight. | by gia fication begins. 


Cryohydrate. 
Sn 2(NO,). 
§ 155. Separation of Ice Sc. from Solutions of Nitrate of 
Calcium. 
TABLE XXXIV. 


Temperature 
~ NOs) Pit. 10 E by weight, | t. at which solidi- | Nature of solid. 
e y fication begins. 


5 95 — 1.1 
10 90 — 23 
15 85 — 42 
20 80 — 65 
25 75 — 93 
30 70 —12-9 
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I have not yet got the cryohydrate of nitrate of calcium. 

As a cryogen it gives a temperature of — 160. 

§ 156. Separation of Ice ꝙc. from Solutions of Acetate of 
Sodium. 


TaBLE XXXV. 


Temperature 


> a gs at which solidi-| Nature of solid. 


fication begins. 


obydrate 
Na C. H, O,+?H, O. 


The temperature of the cryogen is exactly — 18. For the 
cryohydrate determination, 77032 grms. gave 1:7963 grm. of 
NaC, H, O.. For the solubility at 0°, 4°7473 grms. gave 
1:2646 of NaC, H, O,. The watar-wortll is 30. The solid con- - 
stituent was estimated by simplé evaporation and heating to 
incipient fusion. 

§ 157. Separation of Ice &c. from Solutions of Acetate of 
Potassium. 


TABLE XXXVI. 


m perature 


Te 
K O, H, O, per a per cent. | at which solidi- Nature of solid. 


cent. by weight. y weight. | sation begi 


5 95 — 2 Ice. 
10 90 — 46 5 
15 85 — 7 A 
20 80 — 11-2 ie 
25 75 —16 1 
30 70 — 22 ˙5 = 


The solubility at 0° C. was measured both by directly weigh- 
ing the dried and fused acetate, and by converting it into a 
nitrate by frequent treatment with nitric acid and evaporation. 
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Direct Indirect. 
6°8131 solution gave 74837 solution gave 
4:2083 K C, H; Os, or 4:8573 K NO, or 
61˙8 per cent. 62°8 per cent. K C H; C.. 


Mean 623. 

The cryohydrate of acetate of potassium bas not yet been 
determined. 

The temperature of the cryogen of acetate of potassium is 
—25° C. 

It is well known that fused acetate of potassium is heavier 
than the anhydrous solid acetate at the same temperature ; but 
I do not find the remarkable fact anywhere noticed, that the 
fused anhydrous salt is also lighter than the aqueous solution 
of the salt saturated at ordinary temperatures (17° C.). 


(2) A few Organic Crystalloids in Aqueous Solution; their 
behaviour on being cooled and on being heated, and as 
Cryogens. 

§ 158. Cane-sugar.—Sugar-candy was finely powdered and 
dried at 100° C. in a current of dry air. 


TABLE XXXVII. 


C, He, 0}; per Ha O per cent. Temperature. | Nature of solid 


cent. by weight. by weight. fcation begins. formed. 
0 0 
5 95 —0˙3 Ice. 
10 90 —0˙5 j 
15 85 —0˙9 í 
20 80 —13 i 
25 75 —1˙8 n 
30 70 —2˙4 s 
35 65 —3˙2 ” 
40 60 —4˙1 es 
45 55 —5·4 1 
50 50 +70 ” 
51:4 486 — 8:5 Cryobydrate. 
(Mean) 67:33 32°67 0˙0 C12 H Oir 


Solutions stronger than the eryohydrate may be cooled 
below - 8.5 before solidification begins. A 60-per-cent. so- 
lution does not show signs of solidification above - 11.4. 
The solid which separates, however, is sugar. This is a con- 
sequence of the supersaturability of sugar solutions, and the 
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possibility of the condition of supersaturation being maintained 
even in solutions from which crystals of sugar are being depo- 
sited. Also, as was so notably the case with alcohol, the cryo- 
hydrate is an abundant solvent for sugar. The eryohydrate of 
saccharose was analyzed by evaporation. 
2'2658 grms. gave 1:5244 grm. of saccharose, or 51:4. 

For the solubility at 0° a solution saturated at +20° was 

kept for three days and nights at 0° C. 


3:6300 5 „ 2°4510 
4.1175 ) 6 2.7640 


Since it will be shown in § 161 et seg. that the colloid forms 
of matter not only do not unite with water, but also do not 
depress the freezing-point of that liquid, it did not seem un- 
likely that on cooling below 0° a solution of raw sugar con- 
taining about 50 per cent. of solid matter, the solid cryohy- 
drate would be formed and the sugar be freed from colloid 
impurities. As caramel certainly, and probably other foreign 
colouring-matters in raw sugar are colloids, I have succeeded 
in greatly purifying raw sugar by this method of cryohydra- 
tion. Into the details of this I shall not here enter. 

§ 159. Glycerine—With regard to this substance a very 
remarkable circumstance may be noticed. That it is crystal- 
loid we have had until lately (1) the indirect evidence de- 
pending upon its being an alcohol, and upon several alcohols 
being known in the solid and crystalline state, while others 
which are not so known yet unite with crystalline salts ; (2) 
the direct evidence obtained from its diffusion through colloid 
septa. Lately it has been observed to assume the form of a 
crystalline solid. Again, it has lately been employed in aqueous 
solution in Pictet’s ice-machine as a non-freezable liquid to 
yield heat to vaporizing sulphurous acid, and take it from 
water for the purpose of freezing the latter. The latter faculty 
of its solution to resist solidification below 0° C. proves, first, 
that it will form a cryogen, and, secondly, that it will form a 
cryohydrate—the latter fact again proving, as we shall see in 
§ 161 et seq., that it is a crystalloid. 

Pure glycerine dried by being kept for a week over oil of 
vitriol in racuo, when mixed with finely crushed ice forms a 
cryogen whose temperature is —19° C. 


of saccharose or cane-sugur. 
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Tase XXXVIII. 
O, H, O, por |H,0 per cont. ere. 
cent. by weight. y weight. f Gon bezi 
5 95 
10 90 
15 85 
20 80 
25 75 
30 70 
35 65 
40 50 
45 55 


J have not yet succeeded in obtaining the cryohydrate of 
glycerine. 

As a cryogen the glycerine behaves as hydrochloric acid and 
other liquid elements of cryogens ; namely, the temperature ob- 
tained is lower if the liquid be previously cooled. 

§ 160. Tartarie Acid.—As a cryogen, tartaric acid gives 
the temperature — 135. I cannot say that I have cleared up 
all the ambiguities in the behaviour of this body. The sepa- 
ration of icp took place with regularity as far as the following 
solutions are concerned. 


Tem ture at 
C, H, O, per | H,O per cent. . 
cent. by weight| by weight. hien ice sepa- 
5 95 - 67 
10 90 — 14 
15 85 — 25 
20 80 — 37 
25 75 — 47 
30 70 — 63 
35 65 — 76 
40 60 —10°1 
45 55 —13 


Apparently continuous with these results is the separation 
of a solid at —16°5 from a 50-per-cent. and of a solid at 
—17°-6 from a 55-per-cent. solution. But there is here really 
a breach of continuity. The 55-per-cent. gives up tartaric 
acid at —17° when crystals of that body are introduced. And 
it is difficult to say whether ice, or acid, or a cryohydrate is 
separated from the 50-per-cent. at —16°5. If a 50-per-cent. 
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solution be cooled to —19° and a smaller portion of the same 
solution which has been solidified by an ether-carbonic-acid 
cryogen be introduced into the first, the temperature rises to 
— 8°, and opaque crystals are formed, while that temperature 
is constantly maintained. The same body at the same tem- 
perature is formed even when the first solution has only been 
cooled to —14°. I think, therefore, that there is with tar- 
taric acid a body similar to that which we encountered with 
the iodide of sodium, namely a suberyohydrate. Owing to the 
sirupy nature of these strong solutions at these low tempera- 
tures, and the very slow rate at which the separation of their 
constituents ensues, I do not think that analyses of such inter- 
mediate subcryohydrates would be sufficiently trustworthy for 
reproduction. But the cryohydrate which separates at —8° 
is distinct enough. 

4:0735 grms. of solution gave 1°8972 grm. of C. H, Os, or 
46°6 per cent. . 

A solution kept for two days and nights at 0° showed the 
following composition: 5°1304 grms. of solution gave 2°7233 
grms. of C. Hs O., or 53°0 per cent. 


(3) Colloids in aqueous solution; their behaviour on being 
cooled and on being heated. 


§ 161. Generalities.—It is perhaps only by an extension of 
the definition that we can regard solutions of colloids as solutions 
of salts. It will be of great interest to examine how far the 
two classes of bodies resemble, and how far they differ from 
one another in aqueous solution. The substantial researches 
of Graham on the division of matter into crystalloids and col- 
loids, resulting as they did in the discovery of a whole series 
of new and profoundly interesting bodies, threw a flood of 
light on molecular physics. He showed that colloid septa 
were permeable only to crystalloid liquids, and thus established 
among the molecular mechanism of matter a series of con- 
nected facts similar to and of no less importance than those 
which have of late attracted so much attention in the domain 
of radiation ; for that sonorous undulations are absorbed by 
sympathetic vibrators, that radiation is arrested by the possi- 
ble authors of such radiation, cannot long be separated from the 
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fact that colloids arrest colloids by contact-continuity, while 
they are permeable (transparent, diathermanous) to crystalloids. 

Recalling a few of the distinguishing properties of colloids, 
we find that when miscible at all with water they are misci- 
ble in all proportions. Accordingly one colloid cannot pre- 
cipitate another from solution. Towards water they then 
behave as two gases behave towards one another. Some 
gelatinize (gelatine); others do not (gum-arabic). Some 
coagulate by heat (albumen) in association with water. In 
the dry state they are amorphous and show conchoidal frac- 
ture. I look upon a water-jelly as consisting of an indefinitely 
minute cellulation of a solid colloid enclosing liquid water. 
In a liquid water-colloid the solid colloid particles are present, 
but they do not form closed cells, and therefore do not with 
their contents resist change of form; nor are they necessarily 
in contact with one another. The viscosity of such a mass is 
due to friction between its solid and liquid parts. The elas- 
ticity of a jelly is due to the elasticity of its cell-walls. Thus 
I can form a model of a jelly by pressing together little 
caoutchouc bladders containing water: and in soap-suds I 
recognize a jelly of a higher order; that is, instead of solid 
we have liquid cell-walls, and instead of liquid we have 
gaseous contents. On heating or stirring the suds the bub- 
bles burst, the liquid walls collapse and contract, not again to 
be formed automatically. On heating or stirring a jelly the 
solid colloid walls are broken, the liquid contents of the in- 
dividual cells become continuous, so that all hydrostatic laws 
hold good. Let the heated liquid cool, and similar cells are 
restored ; but on repeated heating, the cells are burst in such 
divers places that they are not to be restored. Such re- 
storation is also hindered and prevented on stirring during 
cooling. ` 

I gladly leave these speculations for the facts which gave 
them birth. Through the kindness of Mr. W. C. Roberts, 
F.R.S., there were placed at my disposal certain of the inor- 
ganic colloids prepared by the late Mr. T. Graham, the Master 
of the Mint. Some of these are spontaneously undergoing so 
interesting a change that I have been unwilling to disturb 
them. Others, notably a solution of silicic acid and of ses- 
quioxide of iron in water, I find contain each under 1 per 
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cent. of oxide. I prepared, therefore, fresh solutions, follow- 
ing the directions given by Mr. Graham, and meanwhile ex- 
amined certain organic colloids. 

§ 162. Gum arabio.—If a 1-, 5-, 10-, 20-, 25- or 30-per-cent. 
aqueous solution of gum arabic be cooled, ice begins to be 
formed in all cases at 0° C. exactly. Even a 35-per-cent. 
solution, which is very viscid, begins to give up ice at 0°, and 
is quite solid at —0°5. A 45-per-cent. solution, which is 
semisolid, shows a temperature of —1° at the beginning of 
sensible ice-formation, and is certainly solid at —1°-2. This 
very small degree below 0° C. in so viscid a substance is cer- 
tainly not more than may be attributed to the overcooling of 
the ice already formed. I can find no trace of a cryohydrate; 
and that such does not exist is supported by the fact that, in 
spite of the great solubility of gum in water, when powdered 
gum and ice are mixed together the resulting temperature is 
0° exactly. Gum arabic is therefore powerless as a cryogen. 
It is true that this might be attributed to the gum acting like 
a certain quantity of anhydrous chloride of calcium, which 
when mixed with ice may compensate, by the liberation of 
heat of combination, for the heat absorbed in the joint lique- 
faction. But that such balancing does not ensue is shown by 
the fact that a 45-per-cent. solution of gum also gives 0° C. 
with ice, while a solution, however weak, of chloride of cal- 
cium will absorb heat when liquefying ice by contact. The 
same is also proved by the observation that when gum is 
mixed with water the alteration in temperature, though cer- 
tainly in the direction of heat-liberation, is very inconsiderable. 
In a preliminary experiment I found that powdered gum and 
water mixed in indefinite proportions gave a rise of 0°75 C. 
As the result of a number of more exact experiments, it ap- 
peared that the greatest heat was developed when four parts 
by weight of water were mixed with one of finely powdered 
gum arabic; a rise of 1°1 ensued, namely from 15°7 to 
16°°8. The first temperature was that of the water in the 
outer of two concentric beakers, the inner of which contained 
the gum. The beakers were thickly wrapped and covered 
with flannel, and had been in such contact for several hours. 
To the above numbers, however, I do not attach much quan- 
titative value ; for, owing to viscosity, solution takes place very 
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slowly. The results, however, clearly show that the heat de- 
veloped is far too small to counteract any great heat-absorp- 
tion by solution, and that accordingly the latter does not exist. 
The heat liberated is indeed scarcely more than the heat of 
capillarity. 

J believe that most of us would have been disposed to pre- 
dict that in order to boil a solution of gum a temperature 
above 100° C. would be required. This was, I confess, my 
own persuasion until I was enlightened by the above experi- 
ments on the separation of water as ice from gum-solutions of 
all strengths. But being so enlightened I was able to predict 
that a solution of gum would boil at a temperature not above 
100° C. A 20-per-cent. solution of gum arabic appeared to 
boil in a test-tube over the bare flame below 100° C. But as 
it is almost impossible to avoid a certain amount of decompo- 
sition under these circumstances, a tube holding a fresh 
quantity of the 20-per-cent. solution was placed in a wider 
tube containing a solution of chloride of sodium which boiled 
at 104° C. On heating the latter gradually the gum-solution 
could be made to boil before the brine began to do so. And 
if by rapid heating the latter were made to boil, the gum-solu- 
tion boiled violently, and continued to do so after the brine 
had ceased. A thermometer in the gum-solution showed 
100 C. Further, a 40-per-cent. solution of gum arabic when 
surrounded by boiling water boils at 98° C., or two degrees 
lower than the water. 

§ 168. Albumen.—Dry albumen when mixed with ice can 
only depress the temperature 0°25 C. Four parts by weight 
of water and one of albumen, both at 18°2, gave, on mixture, 
a temperature of 19°°5. In another experiment the common 
temperature rose from 19° to 21°. In the above experiments 
commercial albumen was used. For more exact experiments 
white of egg was used, which analysis showed consisted of 
13°37 per cent. of albumen (dried at 100° C.) and 86°63 of 
water. Such white of egg begins to separate ice at 0° C., and 
freezes into a solid mass at —0°5. A solution diluted to 
5 per cent. begins to give up ice at 0° C., and is solid at 
—0°:2 C. A 10-per-cent. solution separates ice at 0° C., and 
forms a solid mass at — O03 C. The boiling- points of albu- 
menoid solutions, of course, could not be determined. And 
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the addition of alkalies to prevent coagulation would naturally 
vitiate the results. 

§ 164. Gelatine.— The gelatine used in the following ex- 
periments was such as is commonly used by confectioners. 
Solutions of this substance containing 5, 10, 15 and 20 per 
cent. may be rapidly cooled under constant stirring without 
gelatinization. Ice in all such cases begins to be formed at 
0° C.; and the whole becomes solid at that temperature. 
Stronger solutions are so difficult to manipulate, on account 
of their, gelatinization and consequent hardness, that the re- 
sults with them are doubtful. As far as the experiments 
extend, however, they fail to show that the freezing-tempera- 
ture is affected. 

A 20-per-cent. solution heated (as in § 162) in a brine-bath 
boiled at 99:9 C. A 45-per-cent. solution boiled at 975 
and a 50-per-cent. solution, which is as stiff as the strongest 
glue used by cabinet makers, boiled also at 97°5. A very 
striking and conclusive experiment is, to surround the tube 
containing the 50-per-cent. solution with distilled water in 
another tube If the exterior water-tube be heated slowly, 
the glue in the inner tube boils before the water in the outer 
one. On continually stirring the frothy viscid mass, the true 
boiling-point is observed to be constant at 975. 

As an experiment the above is exceedingly instructive, and, 
I believe, novel ; but, like so many novel and instructive pheno- 
mena, it is one of daily occurrence. The blistering and froth- 
ing of the strongest glue when heated by steam or water in 
the outer pot has certainly been observed hundreds of times 
in every carpenter’s shop. Is it strange or is it natural that 
so familiar a fact should never have struck us as requiring 
explanation ? 

§ 165. Mixtures of organic colloids.— To round off the series 
of experiments with colloids homologous with those of crys- 
talloids, I next examined a mixture of gum arabic and gela- 
tine. A solution was made containing 20 per cent. of gela- 
tine, 20 of gum arabic, and 60 of water. This began to freeze 
and froze completely at 0° C. It boiled at 97°-7 C. 


(4) General remarks on colloids. 


§ 166. The depression of the boiling-point of water by the 
solution in it of organic colloids has its analogies. Amongst the 
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metals innumerable instances occur to us in which the melting- 
point of an alloy is not only lower than that of one constituent, 
not only lower than the mean of the two, but lower than that of 
either or any of the constituents—witness the “fusible metals.”’ 
When metals are alike in chemical affinities, they have little 
affinity for one another. They mix mainly by diffusion. They 
dilute one another. If we mix sodium with sodium, we cer- 
tainly dilute each sodium with the other ; the adhesion which 
we supply is exactly equal to the cohesion which we replace; 
the resulting mass is identical with its constituents., But if 
we mix potassium and sodium together, by diffusion we di- 
minish cohesion, and the adhesion introduced is less than 

sufficient to replace it; from two solids we get a liquid. The 

similarity of the metals prevents their having any notable 

relationship with one another. Equally to the. purpose is the 

recollection of the alteration in boiling-point which follows 

the mixture of liquids which are chemically neutral to one 

another. Many a month has been wasted in the attempt to 

get propylic alcohol from fusel oil, owing to the fact that a 

mixture of amylic and butylic alcohols will commence to boil 

at a temperature below the boiling-point of butylic alcohol. 

Moist ether boils below dry ether; and even a liquid such as 

iodide of ethyl, which is almost insoluble in water and which 

dissolves but little of that body, has its initial boiling-point 

already lower than that of water. The work done by the heat 

in separating the particles of a body is already effected by the 

interpenetration of the associated body. Cohesion is dimi- 

nished and a less heat-tension is required to complete the 

separation of the more volatile constituent as vapour. 

From another aspect we may consider the neutral body to 
act as an infinite series of points, and recall the fact that, on 
evaporating saturated solutions of various salts over a steam- 
bath, bubbles are frequently formed beneath the salt-pellicle, 
owing perhaps to the multiplicity of points, at temperatures 
certainly below 100° C., while the clear solution of the same 
salt when saturated demands a temperature several degrees 
above 100° C. for ebullition. The rise in temperature shown 
on mixing a dry colloid with water is probably connected with 
the deficit below 100° C. of the temperature required to boil 


the resulting colloid solution. 
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Returning to the separation of ice from colloid solutions, we 
must conceive that when ice so separates that the solution 
becomes enriched in regard to the colloid body, the particles 
of ice in contact with the source of cold become overcooled 
(that is, fall below 0° C.) on account of the insufficient circula- 
tion and the imperfect thermal conductivity of ice and of the 
colloid solution. But when such over-cooled ice is stirred 
with the colloid solution a fresh portion of ice is formed if 
the latter. is already at 0° C.; if above 0° C., then some of the 
ice melts : in either case the 0° C. is restored. Ultimately 
the solid particles of the anhydrous colloid must lie side, by 
side with the ice particles, as they do when the two are mixed 
as powders, as in § 162. They are as independent of one 
another as are the particles of ether and chloroform when the 
two are mixed, or as are the particles of two gases which 
diffuse through one another without combination. 

I reserve the results which I have obtained with inorganic 
colloids for a future communication. 

The figure shows the same constants as were shown in the 
figure, Paper IV., but with the new salts. 


IX. On some Phenomena of Induced Electric Sparks. 
By S. P. Toompson, B. A., B. So. 
[With a Plate.] 


1. Tae observations communicated in this paper are the 
result of an investigation into the phenomena discovered 
in November 1875, in Newark, N.J., by Messrs. T. A. Edison 
and C. Batchelor, and alleged to demonstrate the existence of 
a new form of energy. A detailed memoir of the phenomena 
has since appeared in the Quarterly Journal of Science, 
by Dr. G. M. Beard, of New York, who accepts, with some 
hesitation, the hypothesis of a new force. 

2. When a galvanic current passing through the coils of an 
electromagnet is rapidly interrupted, minute bright sparks 
can, at the moment of interruption, be drawn from the electro- 
magnet-core by an earth-wire or by any conducting substance 


æ “The newly-discovered Force,” by George M. Beard, A. M., M.D., 
New York (Quarterly Journal of Science, No. L. April 1876). 
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held in the hand and presented to the core*. These sparks 
are best seen when the electromagnet-coils, interrupter, and 
battery-cells are completely insulated from the ground. The 
substitution of a bar of any metallic substance, or even carbon 
or wood coated with tinfoil, in place of the iron core of the 
electromagnet, does not prevent the production of the spark. 
With bars of zinc or cadmium, or, better still, of either of these 
metals amalgamated on the surface, the sparks are brighter. 

The minuteness of the sparks makes observation of them a 
matter of some difficulty; between two points of graphite 
pencils in a dark box they are more readily seen. They are 
conducted by all metallic bodies, and by the body; and even 
pass into insulated conductors of large surface, apparently re- 
quiring no completion of the circuit. This circumstance, 
however, as well as the supposed inability of the sparks to pro. 
duce any indications upon the galvanometers and electroscopes 
of ordinary use, may be explained by a further knowledge 
of their nature. It was this apparent lack of polarity in 
the nature of the discharge that led to the adoption of the 
hypothesis of a new form of energy; and the assumption 
seemed further to be borne out by an apparent absence of 
physiological effect. 

Two forms of the apparatus at first employed to produce 
the sparks in question are given in figs. 1 & 2. In the first 
case, where the circuit was rapidly interrupted by an auto- 
matic vibrator, the sparks were drawn from the electromagnet- 
core or from the vibrating armature. In the second they 
were drawn from a bar of metal placed above, but not in con- 
tact with, an electromagnet in acircuit completed by a depressor 
key. 

3. Careful repetition of the experiments failed to elicit 
evidence of polarity in the spark, or to procure response to 


As an interrupter almost any form will answer; a Morse key is good 
for slow interruptions by hand; or an automatic vibrator, similar to the 
“break” of an induction-coil may be employed. Similar sparks have 
doubtless been often noticed by those who have used any form of appa- 
ratus involving rapid interruption of the current, and as often attributed 
to defective insulation. The writer of this paper observed the same thing 
some years ago in a trembler of particularly good construction, and in 
vain rewound the coils in hope of eliminating the supposed leak. 

VOL. II. I 


104 MR. S. P. THOMPSON ON SOME PHENOMENA 


the ordinary electrical tests. And the wish to obtain further 
information upon the nature of this peculiar discharge by 
studying its effects in illuminating the rarefied gases of 
vacuum-tubes, rendered it necessary to seek a means of more 
plentiful production, and to abandon the methods of the 
original investigators already described; for the sparks so 
obtained had never exceeded the quarter of a millimetre in 
length, and were quite incapable of producing a luminous 
discharge through a small vacuum-tube. 

The following experiments led to the method desired :— 

A rod of soft iron 20 centims. in length was wrapped in 
folds of vulcanized sheet rubber to a thickness of 2 centims. 
Around the exterior of this 150 centims. of stoutly insulated 
copper wire were wound. One end of this wire was connected 
with one terminal of the secondary wire of a small induction- 
coil“, the other end was brought within 15 millims. of the other 
terminal. The intent of this arrangement was to pass, as in 
the previous experiments, an intermittent current around a 
metallic conductor. When the coil was set in action the 
secondary currents passed with rapid discharge across the 
interval of about 15 millims. between the end of the wire and 
the terminal; and it was then found that sparks of several 
millimetres length could be drawn from the iron rod within 
the folds of vulcanized rubber by an earth-wire, or by the 
finger, or by any conductor held in the hand. It was found 
impossible to convey any charge from the iron rod by a proof- 
plane to an electroscope; and on leading a wire to a sensitive 
long-coil galvanometer by Colladon no deflection was obtained, 
though the sparks were drawn from the wire beyond the 
galvanometer, through which the force thus manifesting itself 
must therefore have passed. Identical effects followed the 
substitution of bars of copper, cadmium, and zinc for the 
iron rod. | 

It was next ascertained that no perceptible difference of 
potential existed between the two ends of the metal rod, and 
none between the ends and the median portion. The spark 

* This coil, capable of throwing sparks of 50 millims. length with two 
cells of Grove's element, was employed in most of the succeeding experi- 


ments. Each piece of apparatus used, including the cells of the battery, 
was carefully insulated from the table. 
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could be drawn indifferently at either end, or at the middle, 
but not from two points at once; nor could it be led by an 
insulated wire from one point of the bar to another. Other 
metallic objects in the neighbourhood of the bar became 
similarly affected ; and from them sparks could be drawn. 
These effects were augmented when the distance of 15 millims. 
over which the secondary current of the coil discharged itself 
as a spark was increased to 20 millims. They diminished 
when the distance was reduced to 5 millims., and ceased 
entirely when the interval was reduced to nothing, so that the 
secondary current of the coil passed along unbroken metallic 
connexions. The conclusion to which these results pointed 
was apparently that the effect was one of surface-charge. 
This surmise nright be directly tested by increasing the size 
of the metallic core and the number of surrounding turns of 
wire. 

4. The arrangement next to be described“, and shown in 
diagram at fig. 3, was therefore directly suggested by the 
preceding experiments. It remained practically unchanged 
in the subsequent investigation. A large Leyden jar was 
taken and its inner and outer surfaces joined by a metallic 
wire, constituting it simply a conductor of large surface. 
Around it were wrapped sheets of vulcanized rubber to a 
thickness of 25 millims. About this again were coiled about 
30 metres of stoutly insulated copper wire f. As before, one 
end of this wire was led to the terminal T’ (fig. 3)—the other 

* It will be plain, from the subsequent details, that this arrangement 
plays the part of an accumulator or condenser, the interior surface of 
which is represented by the Leyden jar, the exterior being represented by 
the wire coiled outside. A Leyden jar is not essential; any cylindrical 
conductor is as good if of large surface; and a sheet of tinfoil laid ypon 
the exterior of the insulating material is more etfective than 50 metres of 
covered wire wound round it. The precise form of the accumulator is 
immaterial; but thorough insulation must be secured. The above ar- 
rangement is preferred because its parts are analogues of those of the 
experiments that suggested it. The knob of the jar is moreover con- 
venient for drawing sparks from. 

t To avoid confusion, in fig. 3 the condenser arrangement is given in 
diagram, D standing for the insulating folds of rubber, P for one con- 
densing surface (the external wire coils), Q for the other condensing sur- 
face (the Leyden jar, which acts in this combination as if made of one 


piece of metal). 
12 
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end, w, being placed near the terminal T, and so adjusted that 
the distance w T might be increased or diminished at will. 

5. When the coil was set in action, sparks could be drawn 
by an earth-wire, C, from the knob of the accumulator, Q. 
When the discharging-distance of the coil w T was less than 
5 millims., the sparks drawn from Q were minute, not ex- 
ceeding 1 millim. in length, destitute of percepuble physio- 
logical action, producing no deflection when led through an 
ordinary needle-galvanometer, and, as before, were incapable 
of imparting any charge to a proof-plane. 

When w was removed to a distance of 10 millims. from T 
the sparks at Q were larger and brighter; when the distance 
was increased to 20, 25, and 30 millims. successively, the 
sparks drawn at Q were much more vivid and exceeded 
10 millims. in length. These sparks, though producing com- 
paratively little effect in contracting the muscles of the arm, 
were excessively painful and penetrating to the nerves of the 
skin. Their light was brightest when they passed between 
poles of zinc, mercury, or carbon. Their brilliance was 
augmented and their length was increased to above 20 millims. 
when w was withdrawn so far from T that only a faint brush 
discharge passed across from w to T, a distance of about 
50 millims.; and a still greater effect was produced when T 
was directly connected with earth. This modification virtually 
changed the arrangement to that indicated in fig. 4*. 

6. When the spark obtained between Q and the earth-wire 
C exceeds 4 millims. in length, it is capable of illuminating a 
small vacuum-tube. The illumination differs, however, in a 
remarkable manner from that produced by the ordinary direct 
discharge of the induction-coil. Instead of the usual pheno- 
mena of a small brush of light at the positive pole, anda 

Since the communication of these experiments to the Physical Society, 
my attention has been called to an article in the Journal of the Franklin 
Institute for June 1871, by Prof. E. J. Houston, of Philadelphia, where, 
under the title of “A New Connexion for the Induction-coil,” he de- 
ascribes a somewhat similar arrangement, in which an insulated conductor 
is employed in connexion with the coil. With this combination Prof. 
Houston observed some curious effects of induction in neighbouring 
bodies ; but he seems to have thought them due to escape of electricity, 


and apparently had no suspicion of the real nature of the sparks so 
produced. 
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bright aureole or glow surrounding the negative pole, the 
illumination is symmetrical, alike at each pole, having both 
brush and glow at each, and is unaltered by reversing the 
primary circuit of the coil. An occasional flash, however, 
seemed to glow at one pole or at the other. 

On making single contacts by holding the break-piece of 
the induction-coil in the fingers the effect was as follows: — 
at each make-of-contact no illumination ; at each break-of- 
contact an illumination of the same symmetrical nature, afford- 
ing no evidence of polarity of discharge in one direction more 
than in another. 

7. To ascertain whether the discharge at the two poles was 
simultaneous or alternating, a rotating mirror was placed be- 
side the vacuum-tube. The images were found to be, roughly 
speaking, alternate, the discharges being alternately from 
either pole. The irregularity of the alternation appeared to 
be dependent partly upon the distribution of the resistances 
in the circuit, partly upon the irregularities in the vibrations 
of the break. The occasional flashes of light at one pole or 
the other were explained by the occasional appearance in the 
mirror of two contiguous images having the same position, 
indicating the occurrence of two consecutive discharges in the 
same direction. 

With rotating slits the same phenomenon of reciprocating 
discharge was observed, though less advantageously. 

8. One terminal of a long-coil Thomson’s reflecting galva- 
nometer, by Elliott Bros., was put to earth, the other being 
connected with Q (fig. 3). When the distance wT was less 
than 5 millims. no deflection was produced upon the needle 
and mirror, a tremor being the only result. But when the 
distance w T was gradually increased, and the secondary dis- 
charge had consequently to accumulate upon its conductors 
to acquire sufficient density to overleap the resistance of the 
increased thickness of air between w and T, the tremulous 
motion of the galvanometer-needle became much more marked, 
the spot of light wandering about on either side the zero of 
the scale, never at rest, but showing no permanent deflection. 
When the distance wT was increased to nearly 50 millims. 
the brisk flow of sparks gave place to the brush discharge, 
varied only by the passage of an occasional spark. In this 
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case the wanderings of the spot of light on the scale were 
still more exaggerated, the needle apparently being turned 
little by little with an increasing deflection during some 
twenty or thirty vibrations of the contact-breaker of the coil, 
then receiving a sudden impetus in the opposite direction 
as the secondary spark discharged across the interval w T. 
This result was entirely confirmatory of the occasional flashes 
previously observed in the vacuum-tube, with which, on further 
examination, the more violent oscillations of the galvanometer- 
needle were found to be simultaneous. The experiment also 
accords with the previous observations of physicists with re- 
spect to the oscillations of the induced currents of the coil. 
It explains, too, why with an ordinary needle-galvanometer 
no deflection had been obtained with the minute sparks yielded 
by the earlier experiments. 

9. Having again diminished the distance w T to 5 millims., 
a wire was led from Q to the knob of a gold-leaf electroscope. 
No divergence of the leaves took place; but on drawing 
sparks by the hand or by an earth-wire from the electroscope 
knob, from Q, or even from T’,a divergence of the leaves 
took place, rapidly followed by collapse at every spark so 
drawn, the gold leaves being thrown into a state of violent 
flutter. If the hand, or earth-wire, were suddenly removed 
from contact, a residual charge usually remained upon the 
leaves of the electroscope ; and this charge was variously posi- 
tive or negative, changing sign apparently according to the 
last oscillation of the secondary discharge. 

Experimentation with the electroscope could not be carried 
on when w was removed more than 10 or 12 millims. from T, 
as the momentary charges received by the gold leaves were 
so violent as to destroy them. 

10. Throughout the above experiments the most curious 
effects of induction were exhibited by all metallic bodies in 
the neighbourhood of the apparatus. From any of these 
within a range of several yards sparks of a similar reciproca- 
ting nature could be drawn by bringing near an earth-wire or 
any conductor of large surface, whether insulated or not. 

11. It was found, as in a preceding case stated at the close 
of § 3, that no sparks could be drawn from Q (fig. 3) when 
w was brought up to actual contact with T. That is, an in- 
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termittent current (as is that in the secondary wire of the 
coil) passing through a closed circuit does not evoke that kind 
of disturbance in a neighbouring conductor which is evoked 
when the intermittent current has to overleap an interval of 
air, however short. This result proved that the appearance of 
a momentary charge upon Q when w and T were separated 
was the result of induction from a momentary charge upon P, 
and not merely from a current passing through P. The well- 
knowa phenomenon of the statical charge produced upon the 
separated terminals of the secondary circuit of an induction- 
coil will account for the presence of single momentary charges 
upon Pandupon T. These charges must accumulate through 
a short but definite period of time until they have acquired 
sufficient density to overleap with a spark the resistance 
offered by the layer of air w T—the density of the accumula- 
ting charge depending on the dryness of the atmosphere, the 
perfectness of the insulation, and the distance between w and 
T. Though this period be very short, such charges will 
necessarily, by the inductive influence of their presence, dis- 
turb the electrical equilibrium of all near conductors such as Q. 
The equally well-known phenomenon of the return-stroke, in- 
. vestigated by Lord Mahon in 1779, will account for the ap- 
pearance of a return-spark after an interval perhaps not 
exceeding the thousandth part of a second, thus establishing 
the reciprocating nature of the discharges passing between 
Q and C. 

12. In the case of the earlier experiments (§ 2), where an 
interrupted primary current passes round an electromagnet, 
similar conditions virtually exist. The extra-current conse- 
quent on breaking the primary is a current of high electro- 
motive force, like the secondary current of the coil. It, too, 
has a sensible interval to overleap, though the distance in this 
case is not constant. It, too, must accumulate upon its con- 
ductor in order to acquire sufficient density to overleap the 
gap in the circuit. It, too, can therefore, during a distinct 
minute period of time, analyze the neutral electricity of the 
electromagnet-core across the dielectric of silk or cotton that 
insulates the conducting wire therefrom. In this case, too, we 
have consequently the conditions of a rapidly charged and dis- 
charged condenser, giving rise to reciprocating induced sparks, 
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13. This conclusion can be directly proved by recurring to 
the earlier experiments (fig. 2) and introducing across the 
circuit a wire of suitable resistance to short-circuit the extra- 
current so that it may complete its route without having to 
overleap the break at the key. This is shown in diagram in 
fig. 6, where R is a box of resistance-coils introduced between 
aand a’. If the wire of which the electromagnet E is made 
be stout, its resistance will be a mere trifle, and a resistance of 
3 or 4 ohms at R will be sufficient. In some cases a drop of 
pure water between the points of contact at K has also the 
result of obviating the extra-current spark. And in every 
case, when the conditions are so arranged as to obviate the 
appearance, on breaking contact, of the extra-current spark 
at K, no earth-wire, nor any conductor, will draw a spark 
from the electromagnet-core—a decisive proof that the sparks 
so drawn were due to induction by the statical charge of the 
accumulating extra-current, and to that alone. 


VIII. Selective Absorption. By WILLIAM ACKROYD. 


Ar present much attention is being paid to absorption- 
spectra for technological as well as purely scientific rea- 
sons; but in the absence of classification and of a general 
theory accounting for the facts observed, the whole subject is 
surrounded by a haze which it were well for progress to dispel. 
Much perplexity and not a few mistakes have arisen from the 
confusing of two kinds of absorption, or at least two different 
manifestations of the same phenomenon, which hitherto have 
not been sufficiently contradistinguished. These we propose 
to classify on the basis of the following typical experiments. 

1. Light is transmitted through a thin layer of potassic di- 
chromate at the normal temperature, and again at a little below 
its fusing-point. We obtain spectra approximately represented 
by Nos. 1 & 2. It will presently be shown that this increase 
of absorption at the higher temperature is the result of struc- 
tural alterations in the dichromate. We shall therefore call 
this kind of absorption structural absorption. 

2. A glass cell, 15 centims. x 3 centims., contains cupric 
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sulphate in solution. Light sent through the 3-centims. direc- 
tion gives spectrum No. 3, whilst light transmitted through 
the 15-centims. direction gives spectrum No 4. We have here 
increase of absorption without any structural alterations in the 
absorbing medium ; for the cupric sulphate remains the same 
during the two observations, and the temperature is unaltered. 
The only difference is one of extent of medium. For this 
kind of absorption we propose, at the suggestion of Dr. 
Guthrie, the term transverse absorption. 


Professor Gladstone“, when speaking of the action of heat 
on coloured solutions, thus tacitly refers to the two kindsjof 
absorption: —“ The elevation of temperature seems merely to 
heighten the absorbent power of the dissolved salt, so that 
light absorbed by a certain quantity of the heated solution is 
the same as would have been absorbed by a larger quantity of 
the same solution if cold.” Notwithstanding this, the two 
kinds of absorption seem not to have been formally separated ; 
and the mixed inferences from one and the other have natu- 
rally produced a confusion in the minds of students which has 
made selective absorption a subject little understood. We 
shall confine our observations to structural absorption. 


Phil. Mag. [IV.] vol. xiv. p. 423. 
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Structural Absorption.—Alteration of structural absorption 
upon elevation of temperature is, as a rule, obvious to the eye 
as a change of colour. This colour-change, for which I have 
elsewhere proposed the name of metachromatism, has been 
studied by Schönbein, Gladstone, Houston and Thompson, 
and, lastly, by myself. Many theories have been offered to 
account for the phenomenon ; these were discussed in my 
paper on Metachromatism“, read before the Chemical Society 
on the 3rd of February last. 

If a little oxide of zinc be heated strongly on a piece of 
white porcelain, it changes from white to orange and yellow. 
Chromate of lead treated similarly changes from orange to 
deep orange, brick-red, and black-red. These bodies quickly 
regain their original colour with a return of the normal tem- 
perature ; hence one might suppose that the chromate of lead, 
if cooled far below the normal temperature, would acquire in 
succession the yellow and white of the zinc oxide, thus (in the 
order of cooling)—black-red, brick-red, deep orange, orange, 
yellow, and white. 

Such a sequence of colour-change is exhibited by nitric per- 
oxide ; a ruddy vapour at the normal temperature, it becomes 
orange, yellow, and below zero a colourless liquid. From a 
study of such metachromatic facts and their sequence we have 
arrived at the following scale of change :— 


Metachromatic Scale. 
A Black 


Brown 


Orange 

Yellow 

Green 

Blue 

White or 

Colourless. i 
The scale may be illustrated by heating the following anhy- 

drous bodies on white porcelain. Zinc oxide changes from 

white to yellow and orange ; metaborate of copper from blue 

to green and yellowish green ; baric chromate from yellow to 

orange ; mercuric oxide from orange-yellow to orange, red 


Chemical News, vol. xxxiv. pp. 76, 77. 


Cooling or 
contracting. 


7 
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and brown; potassic dichromate, red to dark red; trimanganic 
tetroxide, reddish brown to nearly black; and cuprous oxide 
glass from scarlet to dark scarlet and black. 

Respecting this colour-change, we make out: (I) that it 
arises from increased structural absorption with elevation of 
temperature, the more refrangible increment increasing at a 
greater rate than the less refrangible; and (2) that the only 
necessary concomitant is alteration of atomic potentiality—a 
change from the white towards the black end of the meta- 
chromatic scale signifying atomic recession, and a change 
from the black towards the white end, atomic approach. 

(1) In support of this we must refer to the bichromate ex- 
periment. The change from red to dark red viewed spectro- 
scopically gives spectra Nos. 1 and 2. 

(2) To arrive at the approximate cause, I have heated colour- 
changing bodies in various media, as nitrogen, carbonic anhy- 
dride, and hydrogen, the result of which has been to show that 
the surrounding medium has nothing to do with metachroma- 
tism. The phenomenon is exhibited by all three states of 
matter—by solids (amorphous and crystalline), by liquids, and 
by gases near their liquefying-points. By a process of elimi- 
nation it may readily be seen that the phenomenon is due to 
the reception of energy from the heating agent. Now of this 
transferred kinetic energy a portion is converted into energy 
of position. In the metachrome or colour-changing body we 
have therefore— 

i. Kinetic energy, and the complementary. 

ii. Potential energy. This energy of position is E by 

æ. The overcoming of cohesion (molecular recession or 
molar expansion), as, e. g., in the conversion of ice into 
water, and water into steam, work which is accompanied 
by a change of density. 

B. The overeoming of chemical attraction (atomic reces- 
sion or molecular expansion), which finally ends in de- 
composition, as, e. g., in the resolution of PtCl, into 
PtCl and Cl}. 

I. Now metachromatism is not confined to the coloured 
bodies one meets with in the laboratory; for many anhydrous 
silicates exhibit colour-change, and in some the change is 
permanent after the metachrome has been subjected to a high 
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temperature. This is shown in the following Table“ in each 
example save that of olivine. 


Density before SOPE 

cenit 555 After ignition. 
1. Olivine .... Pistachio-green . . 3.389 Pist.-green .. 3'378 
2. Beryl. Straw-yellow ....2°697 Blue 2-697 
8. Topas Sherry .........-. 3:539 Pink........ 3:533 
4. Zircon .... Brown .......... 4°515 White 4:540 
8 .. . . Aurora-red ...... 4:863 Colourless .. 4:863 


If we might assume that two bodies of identical chemical com- 
position and density have at a common temperature the same 
amount of kinetic energy, then it is evident that we may eli- 
minate kinetic energy from the list of possible causes. For, to 
take the beryl (2), we have differences of colour (that is, of 
structural absorption) at a common temperature, and the same 
in the zircon 5, without alterations of density or chemical 
composition. 

The behaviour of mercuric iodide is perhaps a less equivocal 
demonstration of this point. Examined spectroscopically at 
(say) 16° C., a band of red light is transmitted extending 
from B to D. This narrows as the temperature rises (in other 
words, there is an increase of structural absorption), up to about 
140° C. The band of transmitted light now suddenly widens 
and extends to a little beyond b. Spectra Nos. 5, 6, and 7 
illustrate this change. After the decrease of absorption as 
represented by No. 7, we have the normal increase with eleva- 
tion of temperature; but still at 220° C. there is not so much 
light absorbed as there was at 16° C. Now the heat or kinetic 
energy of a body increases with elevation of temperature; 
therefore the deep orange HgI, at 220° C. has more kinetic 
energy than the red modification at 16° C.; but the latter has 
greater structural absorption. The rule is that increase of 
kinetic energy is accompanied by increased structural absorp- 
tion. In the behaviour of mercuric iodide we have the oppo- 
site of this, viz. decrease of absorption with increase of 
kinetic energy, whence we infer that the change of absorption 
which characterizes metachromatism is not necessarily accom- 
panied by change of kinetic energy. 

II. Expansion by heat (i. e. decrease of density) is an all 


* Compiled from “Some Experiments on the Density of Garnet, &c.” 
(Church), Chem. Soc. Journ. vol. xvii. pp. 386 & 415. 
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but universal law so far as we at present know. There are 
several exceptions, however; and many of these are among the 
silicates. Their anomalous behaviour is, as a rule, pointed out by 
the colour-change, as in the case of the zircon. But there may 
be change of colour, as in the beryl, without alteration of den- 
sity, i. e. without appreciable molecular approach or recession. 
On the other hand, we have in olivine an example of change of 
density (molecular recession) without a corresponding altera- 
tion of colour. More facts of the same nature might readily 
be adduced, from which we infer that molar expansion or con- 
traction is not a necessary concomitant of alteration of struc- 
tural absorption. We have now excluded from our list of pos- 
sible concomitants i. and iia. Hence it would appear that ii 8 
is the only necessary concomitant—a conclusion which receives 
strength when we consider that the gradual increase of struc- 
tural absorption in such bodies as HgO, PtCl,, and Cra Os Kos 
terminates with their resolution into lower compounds, or into 
their constituent elements. 

Relation of Colour to Density—An attempt was made in 
1765 by Delaval to show the connexion between colour and 
density. Ina paper read before the Royal Society, he ob- 
serves * :—“ It appears from Newton’s experiments that denser 
substances ought by their greater reflective power, in like cir- 
cumstances, to reflect the less refrangible rays, and that sub- 
stances of less density should reflect rays proportionably more 
refrangible and thereby appear of several colours in the order 
of their density.“ The seeming success of this attempt is per- 
haps due to the comparative nature of his facts; for he com- 
pares coloured glasses of each of the following metals in the 
order of their densities:—gold, red; lead, orange; silver, yellow; 
copper, green; iron, blue. We can readily see now the error 
of such a comparison; for the colour of glass must evidently 
depend upon the state of the metal in it; e. g. differently 
coloured glasses may be obtained from the different oxides of 
the same metal. To take an instance, whilst the cupric oxide 
gives a bluish-green glass, we know that the cuprous oxide 
gives a red one. Nevertheless it will be obvious from our 
foregoing observations that it is possible to establish a con- 
nexion between density and colour as due to structural absorp- 

* Philosophical Transactions, vol. lv. p. 10, 
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tion. Not, however, until we have made out a special relation 
can we well proceed with certainty to establish a comparative 
one; nor will this special relation accord with Newton’s pre- 
diction. 

From the nature of metachromatism, it is probable that in- 
crease or decrease of interatomic distance will in most cases be 
accompanied by a corresponding alteration of molecular inter- 
spaces. Hence in allotropes we shall look for exactly the op- 
posite of what Delaval sought to establish, viz. for cold colours 
with great density and warm ones with low density. 


Metachro- Titanic Argentic Caleie 
matic scale. Carbon. | Sulphur. | Topas. oxide. Zircon. iodide. | fluoride. | 
Black Graphite, 
2335 | 
Brown ......|  eseees Ductile, | ...... Brookite,| Brown, 
1-957 4-085 | 4515 | 
NR Sorese T deesse Pink. l am T saun Dark red, 
| 3:533 | 
Oran ses l 
| ge. 
Yellow ......] n Octahedral, Yellow, | Rutile, | ...... Yellowish | 
2-05 3:539 | 4:283 green, 5681. 
Green | 
Blue „ „„ Coves. | jj|<eovves | <eevece. | ceeeee | avia ese | % esseso Blue, 
3:170 
White or } DismonlJ.. || ceecee White White, 
Colourless | 3:33 . 


The fact of phosphorus being an exçeption does not militate 
against this relation, since it is highly probable that the other 
anomalies of this body will receive elucidation when studied 
from the metachromatic standpoint. The change in colour of 
mercuric iodide, which we have already referred to, indicates 
atomic approach; and to ascertain whether this is accompanied 
by a corresponding molecular motion and consequent change of 
density has been the object of a large number of experiments. 
From the peculiar difficulties encountered, however, as yet 
I have obtained no trustworthy results. 

The next step from the special relation we have pointed out 
to one of a comparative nature would seem to be in an extension 
of the following law of colour-sequence:—“ In a series of anhy- 
drous binary compounds of the same two elements, those which 
have the highest amount of the basylous element exhibit the 
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least structural absorption; and, vice versd, those which have the 
least amount of the basylous element have the most structural 
absorption. 

The Five Orders of Spectra.— In the borderland between 
chemistry and physias, data are being accumulated which tend 
to make the former a dynamical science. Not the least im- 
portant of these data are those which furnish us with the con- 
nexion between the different kinds of spectra. Professor 
Roscoe is of opinionf that there is not sufficient evidence as 
yet to support tha sequence in the five orders proposed by 
Lockyerf and now generally received; and in the light of 
metachromatism it may be necessary to modify this sequence. 
The juxtaposition of the orders constituting a class of spectra 
we take to be founded upon that merging of the optical cha- 
racters of one order into those of another which is exhibited 
when the molecular changes in the radiating or absorbing body 
cause such optical alterations. Now confining our attention 
to low-temperature or absorption spectra, it is evident from 
what has already been said that change in structural absorp- 
tion alone is available for forming a sequence of orders. Hence 
we consider the fifth order, as at present received, misplaced, 
the unique continuous absorption being from the nature of the 
experiment a transverse absorptional effect. 

A sequence of orders will readily suggest itself if we keep in 
mind thatchange in absorption to which metachromatism is due. 
Conceive of a colourless body capable of undergoing the whole 
series of change. It first reflects or transmits rays of every 
refrangibility; as absorption increases, the band of transmitted 
or reflected light gradually narrows and becomes less intense; 
finally the field is darkened and we get continuous absorption. 
What we propose, then, is shown in the following comparison, 
made in order that the student may have a clearer conception 
of the matter. 


* Chemical News, vol. xxxiv. p. 76. 
+ Watts's Dictionary, 2nd Supplement, p. 1093. 
Proceedings of the Royal Society, June 11, 1874. 


118 MR. O. J. LODGE ON A MECHANICAL ILLUSTRATION 


Now received. What we propose. 
Ist order .... Line spectra .......... Class I. 
2nd order .. . Channelled-space spectra Radiative. 
Class II. 
Absorptive. 


1. Continuous absorption. 
8rd order .... Continuous absorption at ) 2. Partial absorption, i. e. ab- 
the blue ene sorption at the blue and red 


4th order .... Continuous absorption at ( ends, or at any intermediate 
ad aan red end ..... oe part of the spectrum. 
5th .... Uni tin . 
erer e gen . .J.. Continuous spectrum. 


Class II. 1, 2, and 3 constitute the metachromatic scale. To 
illustrate the bridging over of 1 and 2 no simpler experi- 
ment could be tried than the following. Take a piece of cop- 
per wire and cover with suboxide by gently heating over a 
Bunsen burner. Fuse the covered wire into a capillary glass 
tube. A scarlet glass is thus obtained which is black whilst 
hot, i. e. exhibits continuous absorption (1), and scarlet whilst 
cold, exhibiting partial absorption (2). 2 and 3 are bridged 
over by a host of bodies like ZnO. When hot they, as a rule, 
exhibit absorption at the blue end of the spectrum (2), but 
when cold they are white or colourless (3). 

Respecting the merging of Class I. into Class II. nothin 
much at present can said, since questions are involved 
which require further investigation. 


IX. On a Mechanical Illustration of Thermo-electric Pheno- 
mena. By OLIVER J. Loner, B. Sc. 
[With a Plate.] 


THE publication of the following speculation requires an apo- 
logy. It is in continuation of a paper on a Mechanical Illus- 
tration of Electric Induction and Conduction, published in 
the November Numberof the Philosophical Magazine ;’ and the 
sections are numbered on continuously with those in that paper ; 
but whereas the mechanical analogies suggested in the former 
part of the paper are useful as mere analogies even if they do not 
(as I believe they do) throw some light on the actual molecular 
processes, the present portion contains nothing of sufficient 
mechanical simplicity to be of much service as mere illustra- 
tion, and it therefore has little value unless the imaginary 


OF THERMO-ELECTRIC PHENOMENA. 119 


mechanical actions are really analogous to those which actually 
do produce thermo-electric currents. I have accordingly laid 
it aside for acouple of months to see if any thing would occur 
to show the improbability of this being the case; but as any 
fresh light has appeared rather to confirm than to weaken the 
hypothesis, I now venture to publish it. But it is necessary 
to say that, though the hypothesis does, with the help of a few 
more or less reasonable assumptions, account for all the known 
phenomena of thermo-electricity, yet it is quite possible that 
the assumptions made are not the most likely ones, and that 
the laws deduced are not exactly the true ones. Nevertheless, 
since they fulfil the necessary conditions as well as the true 
ones, they are sufficient to show that a consistent account of 
the facts can be given by means of a hypothesis founded on a 
connexion between the molecules of matter and electricity 
which is called “ resistance and which is known to exist, 
though it is not yet accounted for. 

I have preferred to continue speaking in terms of the me- 
chanical model, because discussions concerning molecules and 
zether are apt to have in appearance the looseness which they 
very often possess in reality. Moreover one has the advan- 
tage of being able to leave the precise relation which the cord 
is to bear to electricity or to the æther, and which the buttons 
are to bear to molecules, as well as the real nature of the con- 
nexion between the buttons and the cord, unspecified and open 
to any definition which the vortex theory of matter may suggest. 

§ 21. In a communication to the ‘ Philosophical Magazine’ 
for November 1876 (p. 353), the passage of electricity through 
dielectrics and electrolytes was illustrated by mechanical analo- 
gies at some length, but its passage through ordinary metallic 
conductors (§ 11) was only touched upon sufficiently to enable 
them to be compared with the other media, and all the details 
of the process were left unconsidered. In the present paper it is 
intended to enter into these details; and it is to be regarded 
as a continuation of the first paper. 

The electrical resistance of a metal was represented by the 
friction to which a cord was subject in passing through a row 
of nearly smooth buttons fixed to a rigid support (see fig. 3, 
Plate II.). The cord when moving represented a current of 
electricity ; and the buttons represented the molecules of the 
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conductor. But, since we were not supposing the conductor 
to be at the absolute zero of temperature, the buttons properly 
ought not to have been standing still but to have been exe- 
cuting some kind of periodic motion. 

Let us then suppose that the rods supporting the buttons 
are not perfectly rigid, but highly elastic, and that each button 
is vibrating backwards and forwards in the direction of the 
length of the cord with a succession of harmonic motions of 
short period and very small amplitude. Each button will by 
its friction tend to move the cord with it. Being all exactly 
alike, their vibrations will all be isochronous ; but they will be 
in all manner of phases at any one instant ; so on the average 
‘they will neutralize each other’s effect on the cord, and the 
cord will remain stationary without oscillation. 

The hypothesis just made, viz. that the molecules of a solid 
are oscillating, and that the oscillation of any one exerts a cer- 
tain electromotive force, capable of producing a current except 
for the circumstance that it is exerted equally in opposite di- 
rections in rapid succession, and moreover that it is in general 
neutralized by the similar but ill-timed action of its neighbours, 
is the hypothesis whose consequences it is the object of the 
present paper to trace. 

§ 22. First of all, then, there is some energy lost in this 
motion ; for the buttons are sliding backwards and forwards 
on the cord, and, though they are tolerably smooth, the friction 
must ultimately bring them to rest, unless the loss of energy 
is made up to the body from other portions of the same body 
or from external sources. The energy which is thus continu- 
ally being wasted in warming the cord must, I think, be held 
to correspond to the heat lost by radiation into space ; the loss 
being compensated, in cases of equilibrium of temperature, by 
equivalent receipts from neighbouring bodies. But if a set of 
molecules, or a finite mass of any substance, be isolated from 
all other bodies and left to itself in free space, the molecules 
will gradually deliver up their motion to the interpenetrating 
medium, and will ultimately come to rest. If, then, we calcu- 
late the work done in unit time by a button sliding to and fro 
on the cord, we shall get the rate at which a body cools under 
these circumstances; and from this the rate under any other 
circumstances can be obtained at once by simply subtracting 
the rate at which it gains heat from the enclosure. | 
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Since we have no data regarding the actual motion of a 
button, we may as well for the present consider it as simply 
harmonic; any other sort of motion will give very nearly the 


same result. Let the period of the simple harmonic motion 
of a button be 2¢= žr , and let its amplitude be a, so that 2a 
is the whole length of a button’s excursion from right to left. 
Its velocity at any distance « from its mean position is 
v= V«(a?—<’), and its maximum velocity is V=a/«. Now 
we remember that the retarding force acting between a button 
and the cord is proportional to r the specific resistance of the 
substance or the coefficient of “ friction,” and to v the velocity 
of the button on the cord at any instant (this is Ohm’s law ; 
see § 9 equation (1) and § 10); hence the work done in one 
excursion from right to left is 


+a T 
W= rod zra v r. 


The work done in unit time is therefore 
* rar rV; . 1) 


and this is the rate“ at which a button loses its energy when 
left to itself without assistance from others, or the rate of cool- 
ing of a substance placed in an enclosure at absolute zero. 
Hence, assuming that the absolute temperature 0 is connected 
with the maximum velocity V and the atomic weight m by 
the relation 


mV 0, 


the rate of cooling is given as | 
6 Jg bh. 0 


which would be simply proportional to 6 (Newton’s law), ex- 
cept that the resistance r itself varies with the temperature. 
§ 23. The above conclusion that the radiating power of a 


* If, instead of assuming a simple harmonic motion, one takes any mo- 
P i baving average velocity 2y, the rate of doing work will be nearly 
i T 
Vi which is only slightly different from (I). 
K 2 
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body is directly proportional to its specific electrical resistance 
and inversely as its atomic weight, is not negatived by the expe- 
riments of Leslie, and of Provostaye and Desains,as far as they 
go; for Leslie’s order of the metals in radiating-power agrees 
nearly with their inverse order in conductivity. Moreover, if 


one finds the value of the expression me for the few metals more 


accurately experimented on by Provostaye and Desains, one 
gets a number whose constancy is indeed rough but quite as 
good as could be expected. The only metals apparently whose 
radiating-powers were ascertained by them were platinum, 
copper, gold, and silver; and of these gold was only tried as 
gold-leaf, which is scarcely a fair test, because radiation is 
more than a surface action. The following Table contains in 
the first column a mean value of the radiating-power, taken 
from Ganot, art. 364, for the three metals, silver, copper, and 
platinum (gold is left out because its results are discordant); 
the second column contains the relative atomic weights ; the 
third column an approximation to the relative electric conduc- 
tivity of each metal, obtained by taking a mean between the 
value given by Matthiessen and that given by Becquerel 
(Miller, vol. i., being my authority); and the last column con- 
tains the numbers which ought to be constant. 


1 m 

9:0. m. 7 10rd" 
S 27 108 100 2918 
Copper 4˙9 63°5 96 2987 | 

Platinum ...... 10.1 197 13 2586 
Gold 4˙3 | 196 71 5985 | 


Taking 2850 as a rough mean value of this constant, one can 
calculate backwards to the radiating-power for any metal on 
the same scale. The following Table contains the radiating- 
power given by the hypothesis for a dozen common metals, 
most of whose resistances at 0° Centigrade were ascertained 
by both Matthiessen and Becquerel. The exclamatory mark 
against gold signifies that its atomic weight has been called 
98 because the correct value 196 eee 2˙0, which is apparently 
too small a result, 
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| | Radiating- | 
Metal Mean condus- power at zero 
tivity at V° C. Centigrade. | 
Silver ccccisccseiacs 100 2˙6 l 
Gold . e | 71 4°1 | 
Copper 96 4:7 | 
Cadmium ......... 24˙1 10-6 
Platinum | 13 111 | 
Zino 6669 | 26-5 16:5 i 
La 8:3 16-6 | 
Tin sranie ! | 13:9 18-3 
RRR 146 34˙8 | 
Antimony ......... | 46 50-8 
Mercury............ 17 8 
Bismuth e 125 108-6 


Concerning this Table, I have to remark that the hypothesis 
cannot be expected to give correct values for the last three 
metals ; for the electrical resistance was ascertained by ex- 
periment on large masses of material, whereas it is the mole- 
cular resistance which is concerned in radiation ; and though 
the two are the same in homogeneous material, the experi- 
mental value of the resistance is probably too great in the case 
of crystalline metals like antimony and bismuth, or even per- 
haps iron. And as regards mercury, its molecular motions 
cannot be all oscillatory like those assumed in the hypothesis, 
but must have much of their energy in the form of whatever 
motion is characteristic of liquidity. 

§ 24. Now the researches of Dulong and Petit have indi- 
cated the true law of cooling to be 


b=p(’-1), . ..... (8) 


where p is a constant depending on the nature of the sub- 
stance, and a is a number usually stated to apply to all sub- 
stances and to be equal to 10077. As, however, this is only 
an experimental number, I shall take the liberty of assuming 
that in general both p and a vary with the substance, but that 
the value of a is always very close to unity. 

Equations (2) and (3) combined give us the law according 
to which the electrical resistance of a body varies with the ab- 
solute temperature, viz.:— 


8 2 


p= P ad —1 aaa ) 
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I shall denote the constant emp by the letter 4 for shortness, 
and shall occasionally use (4) in the expanded form 


r=a t+ BO +YP H o, «© © « (5) 
where 


2 3 
a= h log a, pan ED, y= ga, &e. 


The series is very converging, because a is so near 1; thus if 
a= 1:0077, log, a=:0076; and the first two terms will in many 
cases suffice. 
Digression. 

8 25. In Balfour Stewart’s ‘ Heat,’ page 207, it is shown 
from the theory of exchanges that the internal radiative power 
of a transparent substance is proportional to the square of its 
index of refraction, because a small cone of rays issuing nor- 
mally from some small area inside the body will spread out at 
the surface into a cone of larger angle, the ratio between the two 
solid angles being obviously , so that to maintain equilibrium of 
temperature the internal radiative power must be p? times that 
of the surface of the enclosure exposed to the plane surface of 
the body. Thereis no ground for denying an index of refrac- 
tion to metals (cf. Professor Ketteler in the November Number 
of the Philosophical Magazine, p. 333); so we will suppose 
the same to hold good with them. 

Again, the velocity of light in a medium (other things being 
equal) willbe proportional to the square root of the elasticity of 
the threads joining the buttons (§§ 8 and 18); for the maxi- 
mum velocity V of a particle is a/ (§ 22); and this is related 
to the velocity of propagation of light L by the equation 


V: LS 2rd: A, 
X being of course the wave-length, whence 


Xr 
L= r 
But the velocity of light in a medium is known to be inversely 
as A; therefore 


Molak, . EE 
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(see § 8), which appears to agree with Maxwell’s theory that 
the index of refraction of a substance is nearly equal to the 
square root of its specific inductive capacity K. 

We have found, then, that the internal radiating-power, 
which we have shown to be proportional to r, is also inversely 
proportional to x, because directly proportional to ; hence 


MOPS Goce Bao ct we ae T) 


or conductivity for heat and electric conductivity in metals are 
proportional to one another (for we saw in § 18 that « was 
probably proportional to the conductivity for heat); and there- 


fore the conductivity for heat varies with the temperature ac- 
cording to the law 


OTEA 8 
= Oa nn (8) 
which is a curve not very different from A It vanishes for 


7 | 9 
0 , and it becomes great and equal to flora for 0=0. 


The law of the steady conduction of heat parallel to the axis 
of x through a slab is 


Now Professor Tait, in his Recent Advances in Physical Science, 
p- 271, says that when every thing has attained a permanent con- 
dition, the available energy would have a minimum (and therefore 
a stable) distribution if the temperature fell along a logarithmic 


curve, or if oc; it is therefore to be assumed that this is the 


case. But from this it follows, since n =0, that the thermo- 


metric conductivity = must vary inversely as the absolute tem- 


perature. & by itself nearly does, but not quite, (8); so we get 
a law for the variation of specific heat per unit volume with 
temperature, viz. 


vpe M e en 


This is tolerably constant, or the curve runs almost parallel to 
the axis of 0, for ordinary ranges of temperature; it attains a 
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maximum about when 0= z and it has points of inflexion 


about when 0 = Tae the three temperatures referred to 
being —196°-4, — 10˙8, ＋ 1748 Centigrade, if the value of 
a were 1:0077 ; but a very small change in a would obviously 
cause great alteration in these temperatures. 

One may write a tolerably close approximation to o for ordi- 
nary values of 0 thus: 

6H 1 
ce m (log a)? a) . (3+ 0 loga) a)’ S. <a As (10) 

I have put p into (9) with no other justification than to get rid 
of it from & (whose A contains it) so as to leave nothing but 
the atomic weight m in (9), except a universal constant H, this 
H being proportional to mo, the atomic heat. 


a’ 


§ 26. In saying, as we did in § 21, that the cord remains 
stationary under the combined oscillatory motions of the but- 
tons, we have assumed that the friction of a button is symme- 
trical as regardsright and left ; thatis, we haveassumed that the 
buttons are not notched so as to be rougher when sliding over 
the cord one way than when sliding the other way, as an ear 
of rye-grass would be. If this condition were not satisfied, 
the simple to-and-fro oscillations of the buttons would confer 
a progressive motion on the cord, Possibly the condition is not 
satisfied in some crystalline bodies, like tourmaline: and this 
would account for their internal polarity; for since the crystal is 
an insulator, the cord will be displaced by the unequal friction 
only so far as the dielectric elasticity will permit it,and the result 
will be a state of strain inside the crystal and a difference of 
potential between its opposite faces. In time the potentials of 
these faces would become equalized by surface leakage or 
otherwise; but any quickening of the motions of the molecules 
(rise of temperature) will increase the electric displacement 
and strain, and will restore a certain amount of difference of 
potential to the faces. On the other hand, a lowering of the 
temperature of the crystal will give the elasticity an advantage 
over the friction ; some of the previously displaced cord will 
return, and the potentials of the faces will change sign. 
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§ 27. Return now to the consideration of a simple metallic 
conductor with its buttons all executing isochronous simple 
harmonic motions on the cord. Apply a force to the cord so 
as to make it move continuously forward with a velocity u; 
that is, generate a current of strength proportional to u in the 
conductor by means of external electromotive force. We will 
not suppose that u is great enough at all to interfere with the 
motion of the buttons; in other words, we will assume that u 
is incomparably less than V; nevertheless the vibrations of the 
buttons, though unaltered in space, are no longer symmetrical 
right and left with respect to the cord: in one direction their 
relative velocity is the sum, in the other the difference of their 
respective velocities ; hence the motion of the cord is resisted, 
and work must be done to drive it. If the buttons were sta- 
tionary, the force opposing the motion of the cord in each 
button would be ru by Ohm’s law ; and this force is unaltered 
by the motion of the buttons so long as u is small. For con- 
sider the work done by a button in one excursion ; properly 
speaking it would be 1 

Wel Guus siea GD 
—(a+ jut) 
the signs to be taken according as the excursion is against or 
with the cord; but as this expression is unmanageably long, I 
will be content with the simpler one, true when u is small, 


+a 
W= (v+u)rde=5 ra'y e+ 2aru 


for the work done by a button in an excursion against the cord, 
and 
+a oF 
W=} (v—u)rdz= 2 ra? y Aaru 
for the work done in an excursion with it. The balance of 
work done against the cord in a double excursion (that is, 
while the button travels over a distance 4a) is 


Wi — W= A4aru 3 © > èe o œ (12) 


hence the average force exerted must be equal to ru. 
The rate of radiation work of a button is 


Wit e trate, s „ „ & (13) 
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the same as that given by equation (1) when no current was 
passing. i 

We have found, then, that each button exerts an average 
force on the cord equal to ru; hence, if there are n but- 
tons in a row on each cord, and m cords lying side by side, 
the electromotive force or difference of potential required to 
drive a current of strength mu=C through a conductor of 
sectional area represented by m, and length represented by n, is 


„ N Re. . . . (14) 
m m 


which merely shows that Ohm's law, if true for each button, 
is true for the whole conductor if its temperature is kept con- 
stant. The work done by this force in any time T will be equal 
to the product of the force into the distance through which it 
may have moved the cord in that time that is, Fu; hence 
the rate of frictional’’ generation of heat by the current is 

gmnrw=jRO?, . . . . (15) 
which is Joule’s law that the amount of heat generated in a 
given time is proportional to the resistance of the conductor 
and to the square of the strength of the current. It is conve- 
nient to use j for the number of units of heat contained in a 
unit of work, i. e. for the reciprocal of J. 

Though I have here taken account of more cords than one, it 
will not be necessary to do this hereafter, as what is true for 
any one cord will be true for any number, so we will henceforth 
consider m=1. 

§ 28. So far we have considered only homogeneous circuits, 
in which all the buttons have the same amplitude, the same 
period, and the same average velocities. In these cases the 
cord is in equilibrium under the united and balanced action of 
all the buttons on it, but it is perfectly free and capable of per- 
manent displacement by the slightest force; so that if even 
one button were made to move forward always faster than it 
returned, it would exert an electromotive force on the cord 
and move it forward a little at each oscillation. On the other 
hand, if any button be made to go forward more slowly than 
_ It returns, it will exert less force on the cord than is expected 
of it, and the cord will be moved backwards by the other but- 
tons while the slow one is going forward. Hence if we con- 
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ceive a cord on which all the buttons but one are oscillating 
regularly to and fro with the average velocity v, while this 
one is oscillating forwards with velocity vrT and backwards 
with velocity v—., then the cord will be pushed forward both 
by reason of the too rapid motion and by reason of the too 
sluggish one; and the electromotive force urging it is 

(v+r)r—(v—2)r=2er.. . . (16) 
If the cord were allowed to move, the work done per second 
by this force would be 2 ru; and j times this is therefore the 
rate at which heat is absorbed at such a point by this force. 
The heat so absorbed is evolved in other parts of the circuit, 
because friction opposes the motion of the cord with a force 
nur equal to 2rr. If we urge the cord at any rate u through 
such a circuit by an external electromotive force E acting in 
the same direction as the force of the æ-button, the work done 
per second is Eu=(nur—2zr)u, 
or the heat generated is 

(nur 2 ru7ꝛ . (17) 
and the strenth of the current is 

E+2er ETII 

t= pe = -R e o è è >œ (18) 
Now (17) contains two terms, one depending on the square of 
the current and being the irreversible frictional generation of 
heat (15), and the other changing sign with the current and 
representing the heat absorbed or generated at the z-button 
according as u is positive or negative, remembering that the 
current has been considered positive when going the way the 
button tends to drive it. 

Something analogous to the unsymmetrical action of this 
z-button is what I imagine to go on at a junction either of two 
different metals at the same temperature, or of two parts of the 
same metal at different temperatures; and accordingly 2j ru 
will correspond either to the Peltier effect or to Thomson’s 
convection effect; and 2zr is analogous to the coefficient 
which is called II in the one case and may be called & in the 
other. 

§ 29. Let us now proceed to consider what kind of unsym- 
metrical motions may reasonably be expected to actually occur 
at a junction either of two different metals at the same tempe- 
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rature, or of two portions of the same metal at different tem- 
peratures. In both cases the molecules on the two sides of 
the junction are vibrating at different rates:—in the first case 
so that 


mava = mz . ° ° 0 . e (19) 
m, and m, being the atomic weight of the two metals; and in 


the second case so that 
` 97⁰ĩ = 6,03, i ‘ ° 0 ° 0 „ (20) 


0, and 6, being the absolute temperature on either side of the 
junction. 

Now it is very unlikely that the vibrations of the closely 
packed molecules of a solid should be any thing so simple as 
the simple harmonic motions partially assumed in §§ 22 and 
27: in other words, the restoring force cannot be due simply 
to bending of the connecting rods, but it must also be an 
effect of the neighbouring buttons by impact or otherwise. 
Any button in the interior of a mass of metal will be driven 
backwards and forwards with a velocity depending on the 
average velocities of the buttons in its neighbourhood as well 
as on the elasticity of its connecting rods ; and if the mass be 
homogeneous, its velocities to right and left will be equal. But 
consider a button on the bounding surface of a mass in 
vacuum. It is being struck behind continually by its con- 
tiguous buttons, but there is nothing striking it in front; and 
accordingly its velocity in the excursion outwards will be 
greater than in its return journey, the return having to be 
accomplished by the strained rods in opposition to the force 
of impact. Any cause which either increases the average 
velocity of the molecules or decreases the elasticity of the 
rods will increase the difference between the out and in velo- 
cities, which may be said to depend on v directly and on /« 
inversely. Nowa rise of temperature does both these things ; 
it increases v in proportion to , and it decreases æ in the 


proportion of : (see (8)); hence the difference of velocity 


may without violence be assumed to be simply proportional 
to the absolute temperature in any given medium. As the 
temperature rises, then, a surface molecule will go forward 
more and more rapidly and return more and more slowly; 
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moreover its mean position will be shifted more and more 
outwards: occasionally a molecule may get struck away 
altogether, which is evaporation. 

If we bring a second mass of the same material at the same 
temperature into close contact with the first mass, the surface- 
buttons of each will drive one another inwards, and they will 
oscillate like any other buttons in the interior of a homo- 
geneous mass. But if the second mass of metal be either of 
different material or of different temperature from the first 
mass, its molecules will not be oscillating at the same rate ; 
and though the surface-buttons of each will be partially re- 
stored to their places and made to oscillate more uniformly 
than before, yet, since the impacts of one are more violent 
than those of the other, they will still have some irregularity— 
those of the hotter metal A going faster from A towards B 
and slower in the reverse direction, while those of B go slowly 
from B to A and faster back again from A to B. On the 
whole, then, we have a double layer of buttons oscillating 
quicker in one direction, viz. A B, than the other“; and such 
buttons, if threaded on a cord, would have a tendency to drive 
it in the direction A B, as we have already seen, § 28. 

§ 30. At a junction of two metals, or of unequally hot 
pieces of one metal, we appear then to have found an electro- 
motive force acting in one direction; but there is something 


* Although we should have at such a junction molecules travelling 
quicker in one direction than the other, there will be no excess of 
momentum either way as was to be expected in dielectrics and elec- 
trolytes (see § 8 footnote and 5 16); for there will be a large number 
of molecules eide by side in such a layer, and, since each takes a longer 
time over its slow journey than over its quick one, there will be at any 
instant more molecules moving slowly than quickly, and their excess in 
number will make up for their defect in velocity, so that the average 
momentum each way will be the same. But it is a suggestion of Mr. G. 
Johnstone Stoney’s, which he made at the Physical Society last Novem- 
ber, in connexion with his theory of Mr. Crookes’s radiometer, that 
though mv may equal m'v' it by no means follows that mr m' v'a: 
there will, in fact, in the above arrangement be an excess of kinetic 
energy in favour of the quickly moving molecules, i. e. from A to B. This 
is energy which can be expended in driving the cord. But if the cord 
be forcibly held so that it cannot move, the energy will still, I suppose, 
be transferred from A to B; but it will not now be doing useful work, it 
will be degraded into mere diffusion of heat. 
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further to be noticed yet. We found in the former paper 
that in any complete model it was necessary to have not one 
cord but two, arranged side by side and connected so that 
however one moves the other must move with the same velo- 
city in the opposite direction—one representing a current of 
positive, the other the simultaneous equal opposite current of 
negative electricity. Now the electromotive force whose exist- 
ence we have been recently imagining, is one that will act on 
both these cords ; and if it acted on both equally they would be 
both urged equally in the same direction, and consequently 
could not move at all. It is necessary, therefore, to assume 
that the bite of the buttons on one of these cords is greater 
than their bite on the other; but whether it is the positive or 
the negative cord on which the greatest force is exerted in a 
given case will depend on the nature of the metal, and possibly 
also on its temperature—though we have no evidence as re- 
gards the latter point, and I shall not assume it. 

What we have now assumed amounts to this, that the 
quantity r, called the specific resistance of a substance, is made 
up of two parts, such that r, whereof 7 is the specific 
resistance referred to positive electricity, and 7” is the specific 
resistance referred to negative electricity, and that in any 
metal in which a current exhibits convective power for heat 
the two parts are not equal. If the “ specific heat of vitreous 
electricity ” is positive (as Thomson has experimentally proved 
it to be in copper), r” is greater than ; but if it is negative 
(as it is in iron), then 7’ is greater than 7’. However, this 
will appear more fully presently, § 35. 

§ 31. Consider now the electrical condition of a homo- 
geneous mass of metal. Its surface molecules are moving 
more quickly outwards than inwards, and are hence straining 
the cords outwards (which cord they strain most depends upon 
circumstances; but for simplicity I will suppose that there is 
only one, and that the positive cord): the cord inside is thus 
in a slight state of tension, or (§ 1) the potential of the metal 
is lower than that of the air in its neighbourhood. The cord 
does not move, because the surface forces are balanced all 
round: it resembles a drop of water in a capillary tube. (If 
the negative cord were acted on most, the condition of the 
metal would resemble mercury in a capillary tube, or simply 
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a drop of water in its own skin.) Another mass of different 
material will show the same thing, only to a different amount. 
If the two metals are put into contact, we have three kinds of 
bounding surfaces, viz. those which separate air and A, A und 
B, Band air; and the forces at each surface are in general dif- 
ferent : hence the forces all round A are no longer balanced, and 
the cord moves, say from A to B, a certain limited extent, just as 
the water in two capillary tubes of different bore would when 
they are brought into contact. The particles of the dielectric 
outside (being also threaded on the cord) will at the same 
time be pulled nearer to A and pushed further from B; that 
is, §§ 1 and 2, the surface of A is charged negatively and 
that of B positively. 

§ 32. The difference of potential produced by the above 
surface-action is closely allied to Volta’s contact electricity, 
which is also an effect taking place at the free surfaces of the 
two metals, but which is probably greatly assisted by an in- 
cipient voltaic current taking place through the air which acts 
as the exciting fluid, the electromotive force being produced by 
the tendency of the air to unequal chemical action on the two 
metals. Since the air is a dielectric and not an electrolyte, 
there is no continuous current developed, but only a difference 
of potential capable of causing a current if the resistance of 
the air were diminished sufficiently; and the cord is displaced 
through the air and across the junction of the two metals to 
an extent proportional to this difference of potential, the elec- 
tromotive force being balanced by the slight state of strain 
which is set up in the air by this displacement. The metals 
which show the greatest effect are those which stand furthest 
apart in the voltaic series. 

But the contact electricity spoken of above as generated at 
the junction of two metals has nothing to do with chemical 
action. It is an incipient thermo-electric current taking 
place across the junction, which only shows itself as a slight 
displacement of the cord, unless the metallic circuit is com- 
pleted by a second junction generating an electromotive force 
different from that of the first. The action between zinc and 
copper would not be at all so strong as between bismuth and 
antimony: in fact, the metals stand here in their thermo- 
electric order. Of course, what is actually observed in any 
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ordinary case of two metals in contact is a mixture of the 
two effects; and the voltaic effect is usually far the greatest. 

§ 33. The very provisional value 2zr already obtained in 
§ 28 for the electromotive force at a junction is sufficient to show 
several things. For instance, since it is a direct function of re- 
sistance, substances of high specific resistances may be expected 
to make the best thermo-electric materials—such, for example, 
as metallic alloys, or sulphides, or, still better, tellurium or 
selenium*. Hence also we might expect contact effects to be 
extremely powerful between two substances ordinarily called 
“insulators.” Some violence might have to be used to dis- 
place the cord through the very rough buttons of a dielectric ; 
and a certain amount of heat would be generated by the 
“ friction” of the cord through the buttons; but when once 
displaced it would not easily slide back again, and the effects 
might accumulate ; so that by rubbing a dielectric with a 
cord-supplying substance (a metal), one could electrify it very 
highly ; and this is done in an ordinary glass electrical machine. 
Any two substances which differ at all in conducting power 
may be expected to give some contact-force. Thus, if a 
crystalline metal conducts better along the fibre than across, 
or if a strained metal has a higher resistance than an un- 
strained, or if the conductivity of magnetized iron depends 
on the direction of magnetization, then contact-force may be 
looked for in each case at the junction of the substance in its 
two different states. 

§ 34. It is now time to try what are the actual values which 
the assumptions founded on the model give for the electromo- 
tive force developed at junctions, and to see if these values 
satisfy the conditions which Thomson has laid down for them 
from thermodynamic principles. Consider, therefore, a junc- 
tion of two metals A and B, at the temperature 0, whose re- 
sistances are r. and r, such that 1’, and “ are the positive 
and negative resistances respectively of the metal A (referring 
to § 30 for an explanation of these terms), and 1s, 1’, of B; 
also let v. and v, be the out and in velocities (§ 29) of the 


Since the resistance of selenium has been found to fall off under ex- 
posure to light, it is probable that its “thermo-electric power will be 
found to do so also; in other words, illuminated selenium will have a 
place higher up in the thermo-electric series than unilluminated selenium, 
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molecules of the metal A, and v and v’, those of the metal 
B: then the force exerted on the positive cord is 

F (va - V,) - (v, %)“. . (21) 

Now in § 29 we agreed to consider the difference of the out 

and in velocities to be proportional to the absolute temperature 
in any particular metal*: hence we shall have 

F Ar ant Bor 33 
similarly for the force acting on the negative cord we shall 


have 
F/ = A@r”’ — BOr", 


Hence the balance of force useful for urging the cords is 

W=F-F=6{A(",—r,)— Br’,—7'5)}.- (22) 
0 

Now (§ 24) r is of the form se ; and from what was 
said in § 30 it is plain that 4 must not only vary for different 
substances, but must have in general different values for the 
positive and negative cord in any one substance. Call these 
values X and h”, so that h= +h”. halso changes from one 
substance to another, and so does a; but I shall assume that 
the latter is constant as regards the positive and negative cords; 
if, however, the sign of the specific heat of electricity in a sub- 
stance were found to depend upon the temperature, then a 
must also be split into two parts a’ and a“. At present I shall 
only assume that it is different in A and B, and shall call its 

value in B, ö. Putting the values of r into (22), we get 


II A(h’,—h” ,)(a®—1)—B(h’,—h,) (- 1). (23) 
This is the electromotive force generated at a junction of two 


The account given in § 29 of the cause of the difference between the 
out and in velocities at a junction cannot be held to apply satisfactorily 
to the case of a junction of two different metals; for it makes the thermo- 
electric power of a metal to depend on the substance with which it is 
associated, instead of being a simple property of each individual metal and 
ita temperature—as it is known to be, because the metals can be arranged 
in a thermo-electric series at any temperature. Hence, whatever influence 
difference of atomic weight may have in producing the unsymmetrical 
action very reasonably to be expected at a junction, it cannot act quite in 
the manner suggested in § 29; for the difference between the out and in 
velocities of any particular substance must really depend only on its own 
physical properties, and not on those of the substance with which it is 
put into contact. 
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metals A and B at the absolute temperature 0; and therefore 
it is the coefficient * of the Peltier effect; and the heat absorbed 
per second at such a junction by a current of strength u 
is (§ 28) 
jllu. . . . © (24) 
The roots of the equation II=0 will give temperatures at 
which there is no electromotive force, or at which the two 
metals are neutral to one another. There are only two posi- 
tive roots: @=0 is of course one; for then all molecules are 
standing still. The other will be the neutral temperature of 
Cumming ; a first approximation to it is 


2A (U., ) log a+ 2B(h's—hs)logb (25 
A(V. -N) (log a)? — BC, - A) (log 5) (25) 


§ 35. Leave this for the present, and proceed to find the 
electromotive force generated at a junction of two parts of the 
same metal A at different temperatures @, and r rather the 
electromotive force generated in a certain length of A, in which 
the temperature is gradually falling from the value 0, at one 
end to the value @, at the other. Consider a small element 
with temperature 0, resistance r, and out and in velocities of 
the molecules v, v d at one end; and at the other, tempera- 
ture 0 do, resistance r+dr, and velocities vi and vi ＋ dei: 
then the force exerted on the positive cord in this element is, 
just as in (21), 


bo 


AF =r dv—(r’ dr) di, 
or in the limit 
dF didi. 121 
which 
= Addr’, 


since dv is proportional to 6 (§ 29). 
Similarly, the force on the negative cord is 
dF'= A@dr" ; 
so the balance of electromotive force in the element is 
d@=dF —d¥’=A@(dr’—dr”’). . . (26) 


+ I find I have not used the symbol in quite its ordinary sense: Thom- 
son calls IIu the heat absorbed, and JII the electromotive force. I have 
preferred my notation, however, as the J occurs more naturally in a quan- 
tity of heat than it does in an electromotive force. 
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2 


bas log a—a°+1 
„ do; 


hence, integrating, 


e=(" d@=A(h!— 0K - pean “5 40 (27) 


a force acting in the direction from hot to cold when / -N“ is 
positive. 

This, then, is the coefficient of Thomson’s effect; or if a 
current of strength u be sent through the metal in opposition 
to the above force, the heat generated per second is (§ 28) 


ju, ©... 28) 


which will show itself as a convection of heat by the current in 
one direction or the other, according as A’ is greater or less 
than “. Thus, if the current generates heat or “carries heat 
with it” in passing through the metal from hot to cold, the 
electromotive force @ must be acting from cold to hot; and 
therefore the bite of the buttons on the negative cord must be 
greater than on the positive, or h’ must be greater than I/. 
This is the case in copper. But, on the other hand, if the cur- 
rent absorbs heat in passing from hot to cold, so that the heat 
appears to travel against the current (that is, if the “ spe- 
cific heat of vitreous electricity ” be negative), then the electro- 
motive force @ must be acting with the current, or from 
hot to cold; that is, & is greater than V, and the positive cord 
is most acted on. This is the case in iron. 

The quantity of heat carried down small unit difference of 
temperature in unit time by unit positive current (that is, by 
unit quantity of vitreous electricity), Thomson calls (“ with- 
out theory, but by an obvious analogy ”) the specific heat of 
vitreous electricity in the substance A, and writes it o.; in other 
words, the reversible heat generated by forcing a current 
u against the force @ from a point at a temperature 6 to a point 
at a temperature 6+ do is 


judo j l.. (29) 


The value of ø in any substance is therefore (26) 
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pee m . == —jA(I!,—h"e)0. Aa 1). (30) 


and similarly, of course, for os. Hence (23) obviously follows 
Thomson’s relation 


6 deeper ag 


1597 


§ 36. It is easy now to find the total electromotive force of 
a complete thermo-electric circuit—that is, the electromotive 
force acting in a ring made of two metals A and B, one of the 
junctions being at a temperature 6,, the other at a temperature 
623; for we have simply to add the difference of the two Peltier 
effects to the difference of the two Thomson effects, (23) and 
(27), and we get 


E=11,—@,—T], + G, =A(h'a—h!! . *5 —1 40 


— Bh’, -wh A . . (31) 


which is evidently equal to 


F ee 
n0 


as Thomson has shown it must be. 
It is evident also from the form of H, viz. 


III P- Pre, 
that Tas + IIRC T [ep +.... IIxz T IIZ O, (32) 


provided @ is the same for all—or that the electromotive force 
in a ring formed of any number of metals all at the same tem- 
perature is zero. The values found for the effects therefore 
satisfy all the conditions laid down for them. 


§ 37. So far I have written down the results of our hypo- 
thesis without any approximation ; but simpler and nearly 
accurate values will be obtained by expanding them all in 
series and taking the first term or two, or, what comes to the 
same thing, by using the first two terms only of the expres- 
sion (5) for r. Thus, writing 

* The numbers in square brackets refer to Thomson's equations so 
numbered in his papers on“ The Dynamical Theory of Heat. Part VI.— 


Thermo-electric Currents,” reprinted from the Trans. R. S. Edin., in the 
Phil. Mag. for March, April, May, and June 1856. 
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Taago tab, r'a tah, 1.28480, a, ö, 
we get at once from the hypothesis all the results in the form 
given to them by Tait, and experimentally verified by him for 
moderate ranges of temperature. The contact-force at a junc- 
tion (22) becomes 

12 0{A(a,—a’,) - B80 — B00) 
+O[A(a—e’)—B(B—B’)}}, (33) 


which is of the form 


X00 - Y0; 
and the neutral temperature of Cumming is 
pa Š = e-. (34) 


Y A(a -) B(8 5) 
We may write for (33) 

II v(— 60h). (35) 
which will be precisely Tait's form (see Maxwell, p. 306) pro- 
vided j V comes out to be the difference of the specific heats 
of electricity in the two metals at the temperature 0. 

To find @, one has from (26) 
. dO, 2 A0(a—a’)dé, 
or 

@.2}A(a—a’)(F—G), . q (36) 
whence, from the definition of the specific heat (29), 
oo —jA(a—a’)6, } 


* —jB(B—B')6; 
and therefore, (33), the condition in (35) 
JL. - ꝙ . © « (88) 


(37) 


similarly 


is satisfied. 
The total electromotive force in a thermo-electric circuit is 
obtained, either like oo by finding III — II - O. O or by 


forming the integral ( "5 9 40; and its value is 


EA (0i— 62) 0 — (061 1 6) J. (39) 
The law was originally given nearly in this shape by Avena- 
rius“; but he omitted the two Thomson effects, and consequently 
his formula was erroneous. The above form is that of Tait f, 
who has verified it for moderate ranges of temperature. 
Tait also shows that if T. stand for the temperature 0, at 
which two metals A and B are neutral to one another, and 
* Pogg. Ann, vol. exix. (1863). t Proc. R. S. Edin. 1870-71. 
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if % be equal to 4% (where k is a constant), then must 
( — Le) Tee + (K. — ha) Tog + (K. — ho) T. =O. 
Now from (34) and (37) 

(K. — 4 T. = A(%—2'0) B80 B00 . (40) 
and the cyclical sum of three, or of any number, of such terms 
evidently vanishes. 

University College, London. 
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XII. A Sensitive Mercury Barometer. 
By FREDERICK GUTHRIE. 

THE object aimed at is to get a barometer which shall com- 
bine great sensibility with sufficient compactness. The baro- 
meters depending upon_the weight of liquid columns are, 
unless the liquid is mercury, of unwieldy length. Descartes 
suggested a modification of the mercurial barometer in which 
the air-supported column of liquid consists of two liquids, the 
lower one being mercury and the upper one water holding 
tartar-emetic in solution to ensure the expulsion of air (fig. 1). 
Now that we know various liquids, notably hy- Fg. 1. 
drocarbons, which have no sensible vapour-ten- 
sion at atmospheric temperatures, it is surprising 
that this form has not been reintroduced. It 
appears, however, to be little known. It was 
suggested to me by a friend; and I made one 
containing glycerine and used it with success for 
some months before I was aware of its having 
been suggested by Descartes. The sensibility 
of such a barometer would obviously be, if the 
upper liquid were without weight, directly pro- 
portional to the ratio between the sectional areas 
of the cylindrical chamber and the upper tube 
(if also the open limb were of infinite area), 
But, the upper liquid having weight, the limit of 
sensibility is the comparative density of the 
mercury and liquid (say 16:1). Accordingly 
this limit is reached when the cylindrical cham- $ 
ber has four times the diameter of the upper tube. 

By inclining the top part of the supported column a theo- 
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retical increase of sensibility is obtained; but practically, on 
account of the dragging on the column and for other reasons, 
this device is not in use for exact measurements. The mul- 
tiplication of motion caused by applying a float connected 
with a wheel, as in the common weather-glass, is for similar 
reasons to be discarded for such purposes. Aneroid barome- 
ters are of exceedingly convenient form, but are of course 
saddled with the objection that the metal chamber is never 
perfectly elastic, so that they require frequent comparison with 
standard mercurial ones. 

My friend the late B. F. Duppa devised a barometer in 
which the cistern or open limb was dispensed with, and was 
replaced by an open horizontal capillary tube. The free sur- 
face of the mercury in the capillary tube would then move at 
a rate proportional to the sectional areas of the vacuum end 
and the capillary. I believe this plan was not found to answer, 
on account of the oxidation of the free end of the mercury. 

The plan which I submit, and which in the models I have 
made and have had made appears to succeed well, more 
resembles that of M. Duppa than of any other with which I 
am acquainted. One form, shown in fig. 2, made for me by 
Messrs. Cetti, of Brooke Street, Hol- Fig. 2. 
born, consists of an ordinary baro- 
meter-tube, B, 6 millims. in internal 
diameter, connected by a flat hori- 
zontal spiral, S, of 2 millims. internal 
diameter, with the open tube C of the 
same diameter as B. In S is a bubble 
of air, a, at such a distance from B 
that it cannot enter B when the mer- 
cury in that t ube is at the top. The 
motion of the bubble is, of course, 9 
times as fast as that of the level of 
the mercury in either limb, or 43 that 
of the true barometric variation. The 
object of bringing B andC together is 
to avoid as much as possible the effect 
of the relative differences of height 
on change of place. In another 
form (which is being made by Mr. 
Hicks, of Hatton Garden), the limb 
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C is made to enclose hermetically the limb B. This should 
bring the effect of such relative tilting to a minimum. In 
one which I have myself made, the tube S being straight 
and placed on a stone mantlepiece, a drop of sulphuric acid is 
employed instead of the air-bubble. It has the effect of making 
the motion rather more nimble, but is perhaps not quite so 
trustworthy for exact measurements, because the wetting of 
the tube by the liquid causes some inconstancy in its calibre. 
A tube S of 2 millims. internal diameter, connected with a 
barometer-tube having at its upper mercurial surface a dia- 
meter of 20 millims., would exaggerate barometric motion 100 
times ; and of course the sensibility would approach the nearer 
to twice this, the greater the diameter of the open limb. There 
is indeed absolutely no theoretical limit to the possible sensi- 
bility. It must be left to practical glass-workers to determine 
whether a spiral form is the best for the tube 8, or whether a 
series of parallel tubes joined alternately end to end are to be 
preferred. According to Professor Dewar, who has had great 
experience in the use of such tubes for similar purposes, it 
would not be advisable to have the S tube less than 2 millims. 
internal diameter. In all cases, on account of the unavoid- 
able irregularities in so long a tube, I presume as many as 
possible comparisons should be made with a standard baro- 
meter and the intermediate graduations introduced by inter- 
polation. In the straight one mentioned above, the gap in the 
mercury thread is seen through a lens to be in constant agi- 
tation. 
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XIII. Note on the Polarization of Heat. 
By G. Caney Foster, F. R. S. 


THE following determinations of the amounts of heat trans- 
mitted by two Nicol's prisms, whose principal sections make 
different angles with each other, were recently made in 
the Physical Laboratory of University College, London, by 
Mr. M. J. Jackson. Although the results amount to nothing 
more than an additional verification of a relation that is already 
thoroughly established, I venture to put them on record, not 
only because such verifications are satisfactory in themselves, 
but also because the apparatus required for conveniently re- 
peating experiments of this kind is not always at hand. 

The source of heat was a rather powerful paraffin-oil lamp 
(supplied by White, of Glasgow, for use with a Thomson’s 
quadrant electrometer). The rays from the lamp were con- 
centrated by a lens of 7:5 centims. diameter and about 22 cen- 
tims. focal length, placed so as to produce a real image of the 
lamp-flame within the silvered reflecting cone of the thermo- 
pile. Immediately behind the lens (on the side next the lamp) 
a double screen of polished sheet brass was placed, whereby 
the radiation could be cut off or allowed to pass at will. On the 
other side of the lens came two Nicol’s prisms, each about 20 
centims. long, and giving a clear circular field about 6:7 
centims. in diameter. The prisms are protected at the ends 
by disks of thin glass, which were left on during the experi- 
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ments. It is to the possession of these fine prisms, made for 
me by Mr. C. D. Ahrens, that the possibility of making the 
experiments with so much ease was due. The thermopile, 
which was about 95 centims. distant from the lens, was 
protected from stray radiation by a double hood of tin-plate. 
The galvanometer was a reflecting instrament of low resist- 
ance, on Sir William Thomson’s principle, made by my assist- 
ant, Mr. Grant. By means of a commutator inserted between 
the thermopile and the galvanometer, two opposite deflections 
were obtained for each position of the prisms. In the follow- 
ing Table, the column headed 6, gives the means of the deflec- 
tions to right and left when the angle, 0, between the prin- 
cipal sections of the prisms was measured in one direction ; 
and the column headed 6, the corresponding deflections when 
this angle was measured in the opposite direction. The num- 
bers denote divisions of the galvanometer-scale. 


Deflections. 


Angle between 
principal sec- 
tions 0. 


é é 
cos? 0 | (calculated). 


The numbers in the last column of the Table are calculated 
by the formula 8“ = 311 cos? 6. It will be seen that the ob- 
served mean values (5) never differ from the corresponding 
calculated values (6) by a whole division of the scale, which 
represents about as high a degree of accuracy as can be ex- 
pected from the method of observation employed, it being 
impossible to read with certainty to any thing less than half 
a division: where quarter divisions occur in the Table, they 
result from taking the means of positive and negative deflec- 
tions. 
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XIV. On a Modification of Mance’s Method of measuring 
Battery Resistance. By OLIVXR J. Loner, B. Sc. 
[Plate II.] 


THE modification here suggested consists simply in using & 
galvanometer and condenser instead of a galvanometer alone, 
so as to detect variations in difference of potential instead of 
variations in current. 

By this change it is converted into a strictly null method. 
Moreover it is now possible entirely to get rid of the effects of 
variations in the electromotive force of the battery, which are 
very annoying in any of the ordinary methods and prevent ac- 
curate measure. This is accomplished by breaking the galva- 
nometer-circuit the instant after the battery is short-circuited. 
Fig. 1 (Pl. II.) is a diagram of the connexions for measuring 
the resistance of the battery d, with the keys shown on a large 
scale: m partially short-circuits the battery when depressed ; 
n closes the galvanometer and condenser circuit unless de- 
pressed. The two keys are electrically independent; but the 
stand of the upper one is balanced so as to rest partly on the 
spring of the lower one (which must be strong). On depress- 
ing the upper key, the first effect is to close the circuit marked 
r at the point m; the second, and immediately succeeding, 
effect is to break the circuit marked g at the pointn. The 
same object would be accomplished more conveniently by a 
single double-contact key made on purpose, as shown in fig. 4. 
The object of the double key is fully explained below. A BCD 
represents a box of resistance-coils; a and b are large and 
equal resistances ; and c will be equal to d, the resistance of 
the battery, whenever the galvanometer-needle is unaffected 
by pressing down the keys. 


Resistance-measurements in general. 


Consider the arrangement of six conductors joining four 
points (commonly known as the Wheatstone’s bridge) as form- 
ing the edges of a tetrahedron or triangular pyramid (fig. 2). 
It is obvious, (1) that, as far as position is concerned, every con- 
ductor has precisely the same properties as any other, and (2) 
that any one conductor is adjacent to four of the others and 
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opposite to the remaining one. Call the resistances of pairs of 
opposite ones a and c, b and d, r and g, and let electromotive 
forces be caused to act in any manner through any of them ; 
then it can be shown that when ac=bd, r and g are “ conju- 
gate conductors,” or that variations in the conductor r have 
no effect whatever on the current in g, and vice rersd, no 
matter whether these variations are simple changes of resist- 
ance or the introduction of new electromotive force. 

By ascertaining, then, whether the insertion or removal of 
batteries at r has any effect on a galvanometer at g, one can 
observe whether the relation ae = d is or is not fulfilled, and 
can change one of these resistances until it is. For the case 
when a, 6, c, and d are simple metallic conductors, this is 
Wheatstone’s method of comparing their resistances. 

Again, reciprocally, when this relation is fulfilled, no change 
in g can affect the current through the battery in r; and 
therefore, if this battery in ris the only electromotive force in 
action, a change in the resistance of g does not affect the cur- 
rent at all anywhere. Hence a galvanometer in, say, d will 
show a constant deflection whether the resistance of g is O or 
æ , whenever ac=bd; and this is Thomson’s method of mea- 
suring the resistance of the galvanometer d. 

Further, from what has been said, there is no objection to 
an existence of electromotive force in any or all of the con- 
ductors, provided it remains constant; for it will be equally pos- 
sible to observe whether changes in r (of any sort) have any 
effect on the current in 9; and if not, then ac=bd, as before. 
For the case when d is a battery of constant electromotive 
force, this is Mance’s method of determining its resistance. 

But it must now be observed that although changes in r 
may have no effect on the current in g, they must affect very 
essentially the current every where else, and therefore through 
the battery d. This battery ought, then, to preserve its electro- 
motive force constant in spite of variations taking place in the 
strength of its current—a thing which no known battery is 
capable of doing. The electromotive force of every battery is 
really a function of the current itis producing and of the time 
it has lasted. In cells called constant the dependence of elec- 
tromotive force on current and time is only slight ; but in 
none does it disappear, 
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This fact that the current“ and consequently, to some extent, 
the electromotive force of the battery are made to vary by the 
process of measuring its resistance, constitutes a great appa- 
rent defect of the method ; but it is an irremediable defect, and 
is not peculiar to this particular method. It is in fact impos- 
sible to measure the resistance of a battery without varying 
the strength of the current passing through it, by any method 
founded, as all our methods are, on a measurement of current 
or of difference of potential. In other words, just as it is im- 
possible to measure any resistance whatever without the pas- 
sage of a current through the resisting body, although it is 
quite easy to measure an electromotive force without any cur- 
rent circulating through the electromotor, so, although a 
current of constant strength is sufficient to give a measure of 
the resistance of a homogeneous conductor, such as a metallic 
wire of uniform material, or a homogeneous liquid, or any thing 
else which contains no internal electromotive force, yet a vari- 
able strength of current is necessary to determine the resis- 
tance of an electromotor. 

And the reason of this is apparent, viz. that the opposition 
experienced by a current in passing through an electromotor is 
of two kinds—one due to the proper ohmic resistance, the other 
due to the electromotive force ; and with only one strength of 
current it is no more possible to tell how much of the opposi- 
tion is resistance and how much is electromotive force, than 
it is to obtain the values of two unknown quantities from one 
equation. We may either take two measures of the strength 
of current and then eliminate one of the unknown quantities 
algebraically, or we may use a contrivance (like Mance’s 
method) by which one of them (viz. electromotive force) is 
eliminated electrically ; but two strengths of current are just 
as essential in the latter case as in the former, as also it is 
just as necessary that the two unknown quantities shall remain 
constant. Itis possible that the resistance, as well as the 
electromotive force, of a battery does not accurately fulfil this 
condition, but that it varies to some extent with the current ; 


Professor Clerk Maxwell, in describing this method ( Electricity and 
Magnetism,’ i. p. 411), says that“ the current in the battery is not in any 
way interfered with during the operation ;” but this must be a mistake. 
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in so far as it does this, however, it is not a definite thing, and 
is incapable of accurate measurement. 

I have entered into this matter at some length because the 
slip in Maxwell is getting repeated in other books (cf. Cum- 
ming’s admirable ‘ Introduction to the Theory of Electricity,’ 
p. 162); and it is as well to get clear on the subject. 

The difference of potential required to force a current of 
strength C through an electromotor of resistance R and internal 
electromotive force e is 


E=RC+e. 


Various methods may be applied to measure E and C; but 
no observation of a single value of E and C can determine R 
unless eis known. Another observation with a different value 
of E and C must be made; and then e can either be eliminated 
directly, or one can employ an indirect means of effecting 
its elimination, provided it remain constant. (If it does not 
remain constant, and if the law of its variation is unknown, no 
amount of experiments can eliminate it.) It is true that a 
single strength of current will suffice to determine R after e is 
known; but in the determination of e another and quite dif- 
ferent strength of current (viz. zero) was employed. 

A curious illustration of the impossibility of measuring the 
resistance of an electromotor by means of a constant current 
was noticed the other day in the physical laboratory at Univer- 
sity College by Mr. H. F. Morley, who has found that the cur- 
rent produced by a certain form of gas-battery is, within very 
wide limits, almost independent of the resistance of its circuit. 
He endeavoured to measure the internal resistance of this bat- 
tery by means of its own current, but found it quite imprac- 
ticable. 


Variation of the Electromotive Force of a Battery. 

In what precise way the electromotive force of an ordinary 
cell depends on the current passing through it and on the 
time that current has lasted, [am not aware of any experi- 
ments which afford us information. But a law like the fol- 
lowing seems not improbable. : 


_ pt 
E=Ae K AB. (1) 
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where ¢ is the time the cell has been in action through the re- 
sistance R; so that the rate of change of E is proportional to 
the excess of the strength of current it is producing over the 
minimum strength to which it will ultimately fall, or 


dt oe eee ° . e à . . (2) 


p is a number which may be constant, or it may be a function 
of the current or of t; but for a cell making any pretensions 
to constancy, it must be small. A and B are constants such 
that A + B is the initial and B, the final, value of E. 

At any rate we may, I think, reasonably assume that E is 
not affected instantaneously, however much the resistance of 
the circuit R is changed, but that it takes a certain time 
to change its value appreciably ; consequently, if we only 
change R for an instant of time and then restore it to its ori- 
ginal value, E may be regarded as constant. Itis this fact, I 
apprehend, which gives Mance’s method its practical value, 
and renders it superior to the somewhat similar methods of 
Siemens and Thomson, because in it the change of resistance 
of r can be made very rapidly without disturbing the galva- 
nometer, and need only last a few seconds. The shortest 
time, however, is sufficient for some variation to take place in 
the battery; and accordingly a kick of the needle is usually 
observed, like that produced by an extra current, which is very 
annoying. The modification which I have to propose, how- 
ever, renders possible so great a virtual diminution of the 


period of contact that this disappears. 


Modification of Mance’s Method. 


There is also a practical objection to the ordinary form of 
Mance’s method, not relating to its essentials, but to its sen- 
sibility and convenience, which the modification is intended 
entirely to remove. It is this :—The galvanometer in g, whose 
function it is to indicate any change in the current in that 
branch, has always a certain current passing through it, and 
its needle is therefore deflected more or less, aecording to the 
sensibility of the galvanometer ; but the current produced by 
an ordinary cell whose resistance one wishes to measure is 
usually such as one does not care to pass through a delicate 


150 MR. O. J. LODGE ON A MODIFICATION OF MANCE’S 


instrument, even if the excessive deviation it produces be cor- 
rected by external magnets. A rough galvanometer is there- 
fore generally employed, and the needle is brought back 
reasonably near its mean position by magnets placed near 
it. But the needle being thus constrained by immersion in 
a powerful magnetic field, is by no means under favourable 
conditions, and only comparatively large changes in the cur- 
rent can be indicated by it. To remedy this defect and to 
make the method a null one, my first idea was to use a 
differential galvanometer and to send through its second wire 
a current from an auxiliary battery equal and opposite to 
the current produced in its first wire by the cell whose re- 
sistance is being determined, so as really to neutralize instead 
of merely to overpower its action on the needle. Or, without 
using a differential galvanometer, we may balance the elec- 
tromotive force in the galvanometer circuit by means of an 
auxiliarv closed battery circuit after the manner of Poggen- 
dorff. If either of these arrangements be adopted, we can 
use a sensitive Thomson’s galv anomeler: and its needle may 
be as nearly astatic as we choose. But it is not easy to get 
the two batteries under such similar conditions that they shall 
constantly oppose one another exactly ; and though these ar- 
rangements may be useful in some cases, they are rather com- 
plicated and the adjustments somewhat difficult to make. 

The next alteration which suggested itself consisted in inter- 
posing a condenser in the galvanometer circuit (see fig. 3). 
This effectually prevents any continuous circulation of electri- 
city in that branch; and the galvanometer therefore remains 
at zero after the condenser has acquired its full charge; but 
any variation in this charge is indicated by a tlirow of the 
galvanometer-needle proportional to the amount of variation. 
The quantity of electricity flowing into or out of the condenser 
through the galvanometer-coil will be equal to the variation 
of potential, Y, taking place between its terminals multiplied 
by S, its statical capacity ; and the throw of the galvanometer- 
needle æ will be proportional to this quantity multiplied by the 
galvanometer-constant I, which depends directly on the num- 
ber of turns of wire on it. The resistance of the galvanometer 
is quite immaterial. If H is the strength of the magnetic 
field in which the needle hangs and T the time of a complete 
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oscillation of the needle in that field, we have 
sin q wee à (8) 


By using, therefore, a galvanometer with a very large number 
of turns, and a condenser of great capacity, one can increase 
the sensitiveness of the method to any extent. 

The investigation of the distribution of currents throughout 
the circuit becomes very simple now that there is no con- 
tinuous current through the branch g. The connexions are 
shown in fig. 3, where AC is the branch r, whose resistance 
can be changed at pleasure from infinity to something near 
zero. Let A, B, C, D, be the potentials of the four corners; 
let d be the resistance of the battery we wish to measure, e its 
electromotive force, and u the strength of the current passing 
through it. We want the difference of potential B- D to 
be wholly independent of the potentials of A and C, which 
will be altered by changing r. Now as there is no current 
through g, we have the same current passing through d as 
through a—that is, 


A—B_ B-C e B Ab Ca st 


a 5 a+b ’ 


similarly 
D= (A- ee Cd. 
T etd ’ 


hence 
= (A —C)(bd—ac) + ec(a+b) 
B- (a+b)(c+d) we A) 


which shows that the difference of potentials between the ter- 
minals of the condenser is independent of the potentials A and 
C as soon as the condition bd—ac=0 is satisfied. 

We may conveniently write the above expression in terms 
of the strength of the current u passing through the battery 
d; thus, since A~C=e—(c+d)u, 


B—D= eztute nipe a 


So, if ac=bd, the difference of potential B—D is quite inde- 
pendent of the current through the cell (except in so far as the 
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electromotive force e depends upon it) and is equal to = 

ee a+b 
e+d 
The current u is of course dependent on the resistance r of 


the branch AC, being 


, which are the same thing. 


or 


fst ine » a (5) 
(a+b)(c+d)+r(atb+c+d)’ 
so we may also write the above difference of potential in terms 
of this resistance r, thus 
B- De. (are tte (4b 
(aT Ge Td TAT Ted) (46) 
All the differential coefficients of this with respect to r 
contain the factor ac~bd; consequently when this factor 
vanishes this quantity is independent of r. 


Conditions for Sensitiveness. 

To find out what are the values of a, b, and c which give 
the greatest sensitiveness, we can subtract the value of B—D 
when r is infinite from its value when r is zero, and can make 
this quantity a maximum when the condition ac=dd is nearly 
fulfilled. The quantity which has to be a maximum is 


A e(ac—bd) 
y=(B—D)o—(B—D) a = (Ha Ted) .. (6) 


The resistance d is supposed to be given ; so let us define the 
others with reference to it, putting 


c Md, ar ud, and ö Apd=Apm( - z) d, 
where 2 is a small quantity; then the above quantity becomes 


„„ 
W ( XT IDT D (6a) 
Considered as a function of A, this is a maximum when A=1 ; 


it has in fact the same value whether A=n or 1 Considered 


as a function of A, it has no maximum, but it is greatest when 
u is infinite, though it does not increase fast after Ai is tolerably 
large; the curve is, in fact, a rectangular hyperbola with 
asymptotes y=1 and p= —1; and 1 is its greatest value for 
positive values of u. Accordingly the most sensitive arrange- 
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ment is obtained when A=1 and when 1 = —that is to say, 
when c is equal to d (the resistance to be measured), and when 
a and 6 are equal and as large as convenient. When these 
arrangements are made, the maximum value of y, or the 
change in the difference of potential between the terminals of 
the condenser brought about by depressing the key, is, when 
c is nearly equal to d, 


Y- le or =o"; (7) 


and this is the quantity to be inserted in equation (3). 

The sensitiveness is evidently directly proportional to the 
electromotive force of the cell: but it is independent of its re- 
sistance; i. e. a high resistance is measured with as great pro- 
portional accuracy as a low one. But it must be remem- 
bered that when the resistance to be measured is great, the re- 
sistances a and ö should be as great also; if they are not as 
great as d, the sensitiveness falls off very appreciably. But, 
as said before, there is really no limit to the sensitiveness of 
- the method; for the size of the condenser and the length of wire 
on the galvanometer may be increased to any extent. 


Practical Details. 


The condenser I have used is a small standard one with the 
dielectric of mica; and it has a capacity of slightly over one 
micro-farad. The galvanometer is a Thomson astatic by 
Elliott, with a resistance of about 7000 ohms. The two branches 
a and b of the resistance-coils, forming the equal arms of the 
bridge, were 1000 ohms each, being the largest resistance 
conveniently available in the box of resistance-coils used. But 
when the resistance to be measured is large (say over 500 
ohms), it is better to have a and b greater than this; and they 
may then be made of Muirhead’s carbon-paper (fig. 4). A strip 
2 feet long by half an inch broad will have a resistance of about 
14000 ohms; and the galvanometer terminal B may be con- 
nected with its middle so as to divide it into two halves repre- 
senting a and ö. Exact equality in the two arms is not essential, 
as it is easy (and, indeed, generally advisable) to eliminate any 
errors of this sort by a method analogous to double weighing. 
Connect a and 6 to a commutator in such a way that it is easy 
to interchange them end for end (see fig. 4), and balance the 
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resistance d by the coils c; then interchange a and } and 
balance again; this time we may require an amount c. Then 
it is easy to see that d= y (cc), whatever the ratio of a to b; 
for in the first case we have d: a: ö, and in the second 
d: O b: a. If e and ¢ are nearly equal, their arithmetic 
mean may be taken instead of their geometric, as being easier 
to calculate. 


Use of a Double-wire Galvanometer as an Electrometer. 


When a differential galvanometer, or a galvanometer with 
two long fine wires wound side by side, is employed, a sepa- 
rate condenser is not absolutely necessary ; for the galvano- 
meter itself has a certain capacity, and in order to charge one 
of its wires up to the potential B, and the other down to the 
potential D, a certain quantity of electricity must flow into 
the one wire and out of the other, and any variation in this 
quantity will affect the needle (though the galvanometer-con- 
stant has only half its ordinary value). Even when a separate 
condenser is used the capacity of the differential galvanometer 
may be taken advantage of, by connecting the terminals of the 
condenser to its two middle screws (instead of joining them di- 
rectly to each other by a wire and inserting the condenser as in 
fig. 3), so that both condenser and galvanometer get charged 
instead of only the condenser. The defect of this method is, 
that the insulation between two silk-covered wires is not very 
perfect, and there is a slight leakage, which maintains a slight 
continuous deflection of the needle when the two outer screws 
are joined up to a battery; moreover the statical capa- 
city of an ordinary fine-wire differential galvanometer is not 
very great. 

But I think it may be often convenient to use a double-wire 
galvanometer as an electromoter in this way. For instance, 
rapidly to compare the electromotive force of any number of 
cells, join them up to the outer screws of the galvanometer 
with disconnected wires one after the other ; the kick in each 
case measures the electromotive force of the cell. It might 
also be used to measure very high resistances. It is quite 
possible, and indeed very probable, that this method has been 
suggested before. 
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Elimination of Variations in Electromotive Force. 


It has been stated above that if only momentary variations 
are made in the resistance r, or in the value of u, we can con- 
sider e, the electromotive force of the battery, constant. The 
plan I adopt is to make the effective variation of r, or the va- 
riation which is to have any influence on the galvanometer, 
very short indeed. And this is done by arranging that the 
key m which closes the circuit of r shall break the galvano- 
meter circuit g, the instant after, at the point n, as shown in 
figs. 1 and 4. For an instant, then, u is varied; and if the 
resistances are not balanced so that ac d, a certain quantity 
of electricity will enter or leave the condenser through the 
galvanometer ; but variations in e (due to the changed u), 
which would produce the same effect on the galvanometer, no 
matter how much the resistances were balanced, have no time 
to take place before the galvanometer circuit is broken; and 
then no further change has any effect. This works very well 
in practice; and the resistance of a cell can be really deter- 
mined when producing a current through a definite resistance, 
viz.a+b+c+d. This cannot be done accurately by any other 
method that I know of. 


Measurement of any Liquid Resistances. 


The method may be applied to determine the resistance of 
electrolytes in general. A long tube containing the electro- 
lyte surrounded by a jacket of water at a known temperature 
is interposed in the battery circuit d, the battery being one 
whose resistance is small and can be depended on; and the re- 
sistance of the two together, battery and tube, is measured. 

The tube is then removed, and the resistance of the battery 
determined alone ; the difference of course gives the resistance 
of the electrolyte in the tube. The tube can then be filled 
with mercury and the measurement repeated. The amount of 
polarization of the electrodes is of no more consequence than 
the electromotive force of the battery, provided the gas given 
off is not allowed mechanically to obstruct the current; and 
the effect of variations in its amount are reduced to a mini- 
mum by the method just described for the battery. It is well 
to make the tube end in a couple of globular receivers with 
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two necks, very much like Dewar’s electrometer, and to plunge 
large electrodes into these globes (see T, fig. 4). Their position 
in the globes is not of very much consequence; neither is a 
bubble or two of gas on their surface ; the principal part of 
the resistance is offered by the liquid in the tube. If a ther- 
mometer is kept in each receiver and the liquid be allowed to 
flow backwards and forwards through the tube once or twice 
before observing, its temperature may be known without sur- 
rounding it with a jacket. But of course this does not apply 
accurately when it is required to raise its temperature much 
above that of the atmosphere. Since the sensitiveness depends 
on the electromotive force of the battery, it is well to use one 
or two Grove’s cells. Fig. 4 is a complete diagram of the 
connexions, showing the arrangement for interchanging a and 
b by means of a commutator, and also showing a key which 
will break the galvanometer circuit at the instant required 
and act instead of the extemporized arrangement of two keys 
depicted in fig. 1. The lower spring carries a block which 
presses up against a screw connected with the galvanometer, 
except when it is forced down by the upper spring. This 
block is insulated from the spring, which carries it, but is 
connected with the point B. The interval elapsing between 
the breaking contact at m and the making at n is, and must 
be, utterly inappreciable. For the shortest practicable inter- 
val is sufficient to allow the currents to adjust themselves, 
unless a and b are extravagantly large resistances ; and if it 
is not exceedingly short, disturbances will occur due to varia- 
tions in the battery. | 

The diagrams purposely show the galvanometer, and not the 
condenser, connected with the breaking-key n, because leak- 
age of the condenser is sure to occur to some extent when its 
circuit is broken, and, in order that this may not in the least 
signify, one terminal of the galvanometer must be insulated. 
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XV. On the Chromatic Aberration of the Eye in relation to 
the Perception of Distance. By SiLVvAxUS P. THOMPSON, 
B.A., B.Se. 


1. THE experimental researches of Wollaston, Arago, Fraun- 
hofer, Young, Matthiesen, Brewster, Miiller, and Helmholtz 
have left no doubt that the eye has the defect of chromatic 
aberration. Rays of light of dissimilar colour, starting in 
the same direction from any luminous point and entering 
the eye, do not all come to focus upon the retina at once, but 
the foci for differently coloured rays are differently situated 
with respect to the retina. 

Hence, so far as the perception of the distance of a luminous 
object is dependent upon the accurate focusing of rays upon 
the retina of the eye, so far the want of adjustment in the eye 
introduces a source of error into the data of our perception. 
If the eye be not achromatic, a blue object and a red object of 
equal dimensions placed side by side cannot be in focus at 
once, and hence must appear either unequally distant or else 
of unequal magnitude. 

2. The object of this paper is to demonstrate that the fact 
thus briefly sketched out affords a true and legitimate explana- 
tion of certain empirical rules of artistic practice relative to 
the pictorial expression of distance. The existence and uni- 
versal recognition of such empirical rules has presented itself 
as a problem to the mind of the writer for the past six years ; 
but it is only within the last few months that the solution now 
offered has been adopted by him. 

It is proposed therefore :— 

I. To enumerate the various data dependent on the eye and 
not upon the feet or other limbs, for the formation of a per- 
ception of distance. 

II. To discuss the weight to be attached to the several data 
under various circumstances. 

III. To inquire how far these data may be dependent upon 
the apparent colour of an object, or upon the formation of an 
exact focus upon the retina of the eye. 
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IV. To give a brief account of some experimental results, 
together with conclusions derived therefrom. 


I. Data for the Perception of Distance. 


3. The following nine data may be enumerated as contri- 
buting to the formation of a perception of distance. 

4 (a). Apparent motion of objects caused by motion of the 
observer. If we move from one place to another, or alter 
the position of the head, the visible configuration of objects 
suffers a corresponding change, which by association with 
previous experience suggests an external system, of whose dis- 
tance this “ parallax ”’ affords us an idea. 

5 (6). Apparent change of configuration of objects accord- 
ing as they are viewed with one eye or the other. This affords 
a “parallax ”’ similarly to (a), though ona more limited scale. 

6 (c). The muscular sensation of convergence or divergence 
of the two eyes when directed towards an object. This is a 
genuine muscular perception, though guided by the optical 
perception of want of positional adjustment when the corre- 
sponding parts of the two images do not fall upon the corre- 
sponding points of the two retinæ. 

7 (d). Retinal magnitude of an object as appreciated by 
the muscular effort of turning the eyeball so as to bring the 
parts of the image successively into the centre of the field 
of vision. 

8 (e). Retinal magnitude as a sensation of excitement of a 
certain area of nerve matter of the retina. 

9(f). The muscular sensation of effort of the ciliary 
muscle in the adjustment of the eye to exact focus. The 
perception of exactness or inexactness of focus which guides 
the muscular action is, too, an optical effect in itself of little 
value as a means of estimating distance, except in so far as 
it controls the required muscular contraction. 

10 (g). Binocular dissimilarity of the images on the two 
retinæ, which, conspiring to give one mental impression, pre- 
sent slight differences that suggest the idea of distance. 

11 (A). Linear perspective. Under this term I propose to 
include, beside the usually understood play of lines and 
diminishing apparent magnitudes commonly spoken of as 
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perspective, such artificial means of estimating distance as 
are afforded by comparison with objects of known size 
(figures, cattle, &c.), and such notions of position, surface, &. 
as can be drawn from comparison with houses or other objects 
of known form and magnitude. 

12. (i) Aerial Perspective, in its widest sense. On this 
point Helmholtz has most aptly remarked“ that the brain 
has the same means for the appreciation of relative distance 
as are employed by the painter on his canvas; and he enume- 
rates amongst these means strong shadows, bold relief in the 
foreground, obscurity of atmosphere, and dimness of outline, 
in addition to contrasts with objects of known size or form. 
The term, however, is often restricted to the peculiar altera- 
tion of the colour of objects due to the intervening atmo- 
sphere f. 


II. Relative Importance of foregoing Data. 

13. It is obvious that the considerations advanced in (a), 
(5), and (e) are foreign to the present inquiry, though of 
enormous importance in the estimation of distances in general ; 
for there can be no doubt that where these means are avail- 
able, the mind is guided to a large extent by them in the for- 
mation of an estimate of distance, unless carefully trained to 
disregard them and to depend on other circumstances, or 
unless, as may happen to individuals, some physical injury 
has occurred to render the eye abnormal. With respect to 
the consideration advanced in (c), I have some reason to 
doubt whether we really do judge apparent distance by the 
muscular sensations of the external and internal recti muscles 
of the eye. Stereoscopic pictures appear to me equally “ solid 
whether in a Wheatstone’s reflecting stereoscope, a Brewster's 
lenticular with prism-shaped lenses, or a Helmholtz’s with 
parallel axes, or by superimposition by effort of the recti 
muscles, in each of which cases a different convergence is 


* ‘Popular Lectures,’ English edition, p. 281. 

+ Mr. Ruskin’s definition of aerial perspective is, from an artistic point 
of view, of value. ‘Aerial perspective is the expression of space by any 
means whatsoever, sharpness of edge, vividness of colour, &c. assisted by 
greater pitch of shadow, and requires only that objects should be detached 
from each other by degrees of intensity in proportion to their distance. — 
Modern Painters,’ vol. i. p. 139. 
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required. Moreover it would be very inconvenient if our 
estimate of distance depended on the action of these muscles, 
as they are peculiarly liable to fatigue. 

14. Retinal magnitude, to use the term adopted by Wheat- 
stone, whether regarded in its muscular (d) or its optical (e) 
sense, affords only an indirect means of estimating distance 
by association with ideas previously acquired concerning the 
retinal dimensions of objects of known size at known distances. 
Nothing is more easy than deception arising from this cause. 
We constantly hear the magnification of the telescope spoken 
of as though the enlargement of the retinal image produced 
the same effect as if the object were brought so near to the 
eye as to yield a retinal image of equal area. This is evidently 
not the case, as the distant object, however much magnified in 
the telescopic image, is still seen by rays travelling in paths 
nearly parallel to each other, and not containing angles as 
great as those contained by rays proceeding from an object 
really near. Hence a telescopic presentation of an object is 
flatter than the object itself appears when brought sufficiently 
near to give a retinal image of equal magnitude. 

15. The fallacy of judging distances by apparent magnitude 
is made evident by the absurd comparisons often made between 
the sun or moon and other objects, some individuals compa- 
ring them to the size of a coin, a plate, or a cart-wheel. 
Comparatively few persons could at once tell you correctly 
which appears the larger, the setting sun or a threepenny- 
piece held at arm’s length—the fact being that the angular 
magnitude of the latter exceeds that of the former. 

16. The following experiment“ illustrates a remarkable 
power of accommodation of the eye to the requirements of the 
mind in respect of retinal magnitude, Place under a stereo- 
scope a penny and a halfpenny, having the“ heads of both 
coins placed upwards and similarly. You shall see but one 
coin when looking with the two eyes, especially if you expect 
no dissimilarity and do not use the eyes alternately. There 
are, on the other hand, experiments of Helmholtz, Fechner, 


My attention was first drawn to this curious fact by Mr. Joseph 
Beck, of the eminent firm of Smith and Beck. 
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and Volkmann“ which go to prove that the retinal magnitude, 
as appreciated by the muscular sweep of the eye, affords a 
fairly accurate means of comparison of the angular magni- 
tudes and positions of two objects in the field of vision whose 
images can be successively brought upon the same spot of the 
retina. This involves, however, the question of the persistence 
of visual impressions, without which such a comparison of re- 
tinal magnitudes might be quite fallacious. 

17. The sensation (f) of tension of the ciliary muscle is a 
very delicate means of estimating near distances, and is a 
sensation capable of training to a considerable nicety. In 
October 1870 the writer was unable to perceive any difference 
of strain of adjustment to vision between distances of 4 yards 
and 400 yards. At the present time he is conscious of a dif- 
ference of tension when the eye is directed to objects 15 yards - 
and 300 yards distant respectively, and this with either eye. 
I insist on this means of estimation of distance, because it is, 
for monocular vision, of even more importance than the mus- 
cular sensation of convergence of the optic axes is for binocu- 
lar vision. 

18. The researches of Wheatstone, Brewster, Dove, Helmholtz, 
Briicke, Miiller, Rood, Volkmann, and Wundt upon the stereo- 
scopic presentation of objects resulting from the binocular dissi- 
milarity of the two retinal images (9) illustrate the importance 
of this fact of binocular vision. Wheatstone’s pseudoscope 
proved the point by a reductio ad absurdum; and an equally 
conclusive proof is obtained by cutting a stereoscopic slide 
in two and placing the halves in laterally reversed position 
under the stereoscope. I have, however, experimentally found 
that considerations of colour may sometimes outweigh the 
judgment founded by the eye upon the element of dissimi- 
larity. Idrew a pattern of two squares of four blue lines each 
upon paper, and within each, and outside each, centrally de- 
scribed circles in red. When this pattern was viewed in the 
stereoscope, the blue squares seemed to draw back from the 
eye. I then traced some of Möser's crystal forms from the 
well-known lithographed stereoscopic slides, colouring the 

front lines of the crystals with ultramarine, and the back lines 


* Helmholtz, Popular Lectures, p. 279; and Physiologtsche Optik, 
pp. 522-524 and 542. 
N 2 


162 MR. S. P. THOMPSON ON THE CHROMATIC ` 


with vermilion. Several, though not all, of these when placed 
in the stereoscope refused to appear of their true form, the 
blue lines, whose positions would stereographically give a 
front presentment, retiring behind the red lines of the crystal. 

That the mind does, however, habitually make use of the 
dissimilarity of binocular vision is evident from the old trick 
of looking with one eye through a short tube while attempting 
to walk up to a suspended ribbon and cut it with a pair of 
scissors. Yet persons who have the use of but one eye find 
no difficulty in performing the task; and, with practice, the 
feat becomes easy if the distance be carefully estimated by the 
sensations of ocular focus. The linear distance between the 
two eyes, however, sets a limit to the range of habitual esti- 
mates of distance founded on the fact of binocular dissimila- 
. rity ; and, as Mr. Ruskin has observed“, it is possible to see, 
and to see in focus together, the extreme distance and the 
middle distance of a landscape, though the foreground and 
distance cannot so be seen together. 

19. I cannot here dwell upon questions involving linear 
perspective (A). The various considerations upon which linear 
perspective becomes a basis for the perception of distance are 
purely associative—mental rather than optical, geometrical 
rather than physical. 

20. I pass on, therefore, to aerial perspective (i); the various 
definitions of which may be summed up in one as the expres- 
sion of distance by colour. A distant hill looks bluer than a 
less distant one by reason of the slight opacity of the intervening 
atmosphere (“sky ); and its blueness is in some manner, to 
a normal eye, afar truer measure of its distance than any one 
of the considerations yet treated of. The blueness thus exist- 
ing in nature varies with the changing conditions of atmo- 
sphere, and hence is liable to be fallacious when the atmo- 


* Mr. Ruskin advances this point in defence of the practice of land- 
scape-painters in leaving foregrounds sketchy and unfinished, maintain- 
ing that they should exhibit “a decisive imperfection, a firm but partial 
assertion of form which the eye feels indeed to be cluse home to it, and 
yet cannot rest upon, nor cling to, nor entirely understand, and from 
which it is driven away of necessity, to those parts of distance on which 
it is intended to repose. — Modern Painters,’ vol. i. pp. 183 and 184, 
note. Mr. Ruskin adds that Turner was the first to introduce this treat- 
ment into landscape art. 
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spheric conditions are unfamiliar. Thus in Smith’s ‘ Optics’ 
itis narrated of Bishop Berkeley that, when travelling in Italy 
and Sicily, he thought the cities as he approached them two or 
three miles too near, by reason of the unfamiliar transparency of 
the air. 


III. Bearing of Chromatic Aberration upon the 
foregoing Data. 


21. Taking the chromatic aberration of the eye as an estab- 
lished matter *, it is now time to inquire how far these various 
considerations are affected by the fact that fays of different 
colours have different focal length in the eye. 

22. Obviously all estimates of distance which depend on 
retinal magnitude are liable to be influenced by colour. 
This may easily be verified by taking two equal disks of 
red and blue paper and placing them upon a black back- 
ground. It will be found impossible to get a perfectly di- 
stinct image of both at once, one or other being out of focus, 
and therefore blurred at the edge and larger; or if no dif- 
ference in size appears, one (the blue one) will appear more 
distant. The experiment may be varied by giving various 
sizes and shapes to the coloured disks, but with the same 
result, especiaily if the disks be looked at with one eye 
only. Orange and green disks may answer the purpose, 
but not so well as disks of red and blue, as these colours 
are most widely separated on the spectrumf. 


In 1835 Brewster wrote: “I consider the non-achromatism of the eye 
as a fact as well established as any other fact in natural philosophy, 
Phil. Mag. 1835, p. 161. 

t Brewster called attention to similar phenomena produced by coloured 
outlines in ‘ Brit.-Assoc. Report,’ 1848, p. 48, “ On the Vision of Distance 
as given by Colour.” He there givesa rather laboured explanation, com- 
paring the vision of different distances for the differently coloured lines to 
the phenomena of the lenticular stereoscope. He adds that “ the difference 
of distance of the coloured lines or spaces may be appreciated even with 
one eye.” Compare also Helmholtz, Physivlogische Optik, p. 645. 

Compare also an experiment with a disk of black paper on a background 
of pale ultramarine, by Prof. O. N. Rood, ‘ Silliman’s Journ.’ xxxi. 1861, 
pp. 343, 344. 

There is little doubt that Wheatstone’s phenomenon of the “ Fluttering 
Hearts” (sce ‘ Brit.-Assoc. Rep.’ 1844) is due to the attempt of the eye 
to focus for adjacent spaces of colours of unequal refrangibility, which 
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23. On this account I am disposed to think that retinal 
magnitude has little to do with the appreciation of distance, 
except in the case of objects whose magnitude and tint are 
familiar to us ; and I shall show other reasons for the opinion. 
Hence I regard as very imperfectly true the statement of the 
late Sir Charles Wheatstone, in the Bakerian Lecture for 
1852 *, that Convergence of the optic axes therefore sug- 
gests fixed distance to the mind; variation of retinal magnitude 
suggests change of distance.“ I think that the muscular sen- 
sation of convergence of the eyeballs serves rather to give an 
idea of rate of change of distance f; and I have just indicated 
the cases to which variation of retinal magnitude are limited. 

24. In Wheatstone’s classical research of 1838 it was de- 
monstrated how great is the capacity of the brain to combine 
together two slightly differing retinal images, This faculty 
once admitted, however explained, renders it unnecessary here 
to discuss how far the inexactness of focus for any particular 
tint is concerned in binocular vision. In the present paper it 
must suffice to treat of the non-achromatism of the eye in its 
relation chiefly to monocular vision. And, for reasons stated 
in § 19, we shall omit further reference to linear perspective, 
since its relation to our perception of distance is not based 
upon apparent colour, or upon the formation of an exact 
retinal focus. 


IV. Experimental Results, and Deductions. 

25. Fraunhofer f is generally credited with the first careful 
attempt to measure the chromatic aberration of the eye. His 
method of experiment consisted in placing a wire in the 
principal focus of a telescope, in which the focus was then 
obtained by the adjustment of the lenses of an achromatic 
eyepiece. The theoretical adjustment to distinct vision for the 


could not, therefore, be in distinct focus at one time. The same peculiar 
fluttering is observed when white objects on a dark ground are observed 
through a purple solution of permanganate of potash. 

* Phil. Trans. 1852, p. 4. 

t See a curious little footnote by Mr. A. J. Ellis at p. 97 of his edition 
of Helmholtz’s ‘Sensations of Tone.’ 

J See Gilbert s Annalen, lvi. 1814, p. 304; Helmholtz, Physiol. Optik, 
p. 128; Brewster, ‘Edin. Phil. Journ,’ xix. p. 25. 
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various coloured rays was then calculated and compared with 
the actual adjustment ; and the difference between theory and 
observation was assumed to measure the aberration of the eye. 
The method is at best only indirect ; and there appears to be 
some doubt whether in the critical experiments an achromatic 
object-glass as well as an achromatic eyepiece was employed. 
Nevertheless, under the conditions of the experiment, the 
measurements were very accurately made, and are therefore 
invaluable. 

26. I have found the most satisfactory exhibition of 
chromatic aberration to be manifested when a solution of 
permanganate of potash was employed, in a narrow glass 
trough, as a medium to intercept the middle rays of the 
spectrum. I have also tried solutions of iodine, and cobalt 
glasses of various depths of tint ; but none are so satisfactory.. 
For some experiments I have employed a piece of thin cobalt 
glass in conjunction with a solution of permanganate. By 
this means I have obtained media transmitting red and blue- 
violet rays freely, but totally opaque to all rays between D 
and E, and nearly opaque to rays from C to D in the orange, 
and from E to F in the green and blue. 

27. A silvered bead placed in the sunlight, and viewed 
through such a medium can by no possibility be seen with 
accurate focus for all rays. It appears either as a near red 
point of light surrounded by a blue haze, or as a distant 
blue light surrounded by a red haze*. The point of light 
seems to change distance from far to near, or from near to far, 
with the effort of the eye. This effect, however, is only to 
be well observed when the intensities of the red and blue rays 
are about equal ; for if either predominate, the eye will focus 
for the brighter unless special care is taken to adjust and keep 
the required focus. 

28. The researches of Jurin, Schreiner, Miiller, Powell, and 
Trouessart have tended in favour of the view that the eye is 
achromatic at least for objects at the centre of the field of 
vision, when distinctly in focus. The fundamental illustration 
of this view is as follows :—Take any visible white object—say 

* This effect may be shown objectively to an entire audience by casting 


beams of light from a lamp through such a purple medium upon a silvered 
ball. 
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a square inch of white paper upon a black background. If 
the eye be focused for a distance beyond the white surface, 
it will appear blurred at the edges, being tinged outwardly 
with orange-yellow, inwardly with blue. But if the eye be 
focused for a point nearer than the white surface, it will ap- 
pear tinged outwardly with blue, inwardly with orange-yellow, 
while at exact focus these bordering tints disappear. To 
explain this seeming achromatism of the eye it was argued 
by Wollaston, Young, Miiller, and Matthiesen that the rays 
passed almost without refraction along the axis of the eye, and 
therefore suffered no dispersion“. On the other hand, in my 
own experiments with permanganate-of-potash solution to 
intercept the yellow and green rays, I have never been able 
to obtain a luminous surface small enough to be free from aber- 
ration at the edges—which proves that the focus is really not 
exact. The rays of the middle of the spectrum, being more 
intense, mask the effects of the feebler rays; and the eye 
focuses for the more intense light, as I have mentioned in 
§ 27. 

29. If, on the contrary, a weak solution of picrate of 
potash be employed as a screen to cut off the extreme red 
and violet rays, it is very difficult with any focus to observe 
the tinted margins. 

30. Moreover the apparent achromatism of the experiment 
above mentioned is only found with pencils nearly coincident 
with the axis of the eye. Oblique pencils always give tinted 
margins in white light. This may be verified by looking at a 
set of concentric circles in white and black. If the eye be 
steadily focused for the white centre, no colours are seen at 
its margin, but may be observed at the inner and outer edges 
of the other circles. I have always found it possible to get 
yellow exterior margins to a white object at any distance ; 
that is, I have always found it possible to focus for a further 
distance ; but not vice versd. 

31. If a square of white paper be carefully tinted around 
the edge with blue, and laid on a black ground, it appears 


* Baden Powell contended that the refraction and dispersion of the 
vitreous humour being in the opposite sense to that of the crystalline lens, 
aqueous humour, and cornea, compensated the dispersion for axial pencils. 
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further off than a perfectly white square of the same size 
beside it, since the blue margin helps to correct the yellow 
rays that surround the image at a longer focus. In short, a 
blue-edged square appears like a white square looked at with 
too near a focus. The opposite effect is observed with a 
margin tinted yellow. 

32. I adjusted a lenticular stereoscope to easy focus, then 
placed in it a sheet of white paper having two equal circles 
1 centim. in diameter, described upon it at the appropriate 
distance—one red, the other blue. The joint effect of these 
two gave, apparently, a combination of a red circle with a 
slightly larger one of blue. On drawing a slightly smaller 
circle of blue, with the circle of red as before, they appeared 
to give exact coincidence. 

33. Knowing the power of the eye to reconcile retinal 
images in magnitude (see § 16), I placed in the stereoscope a 
penny coloured blue and a halfpenny coloured red. They 
refused to be seen as one object. On replacing them by a 
red penny and a blue halfpenny, coincidence was, with some 
difficulty, obtained. 

34. My next experiments attempted the direct estimation 
of the distance of objects by the focus of the eye apart from 
other means of estimation. A conical tube of metal, blackened 
interiorly, was taken, through which only a limited field of 
view was possible, the eye being placed at the smaller aperture. 
In front of this tube a screen of blackened cardboard was 
placed, capable of adjustment to any distance from 10 centims. 
to 350 centims. from the tube, and covered the entire field of 
view. Coloured glasses could be introduced in front of the 
tube. The objects displayed upon the cardboard screen in the 
centre of the field of vision were irregularly shaped pieces of 
white paper. These were cut by an assistant and adjusted— 
their distance and size being unknown to the observer, and 
varied between each experiment. Hence, under the condi- 
tions given, the eye could form no judgment of distance 
based upon apparent magnitude, upon parallax, or upon 
apparent form or shadow ; the estimation depended solely 
upon the muscular sensation of adjustment to focus. After a 
little practice this became moderately easy with white light, 
and the estimations were fairly within limits. With a screen 
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of yellow glass interposed no difference was experienced. 
When a ruby-red glass was employed, however, the estimations 
were generally, though not invariably, too small, and with a 
cobalt-blue glass generally (though not invariably) too great. 
The following is the mean of six experiments taken at random 
from a number made with a red glass, and of another six from 
those made with a blue glass. 


Red. Blue. 
Mean real distance.... 208 centims. 178 centims. 
Mean estimated distance 163˙1 „ 199 „ 


35. When a solution of permanganate was employed in 
conjunction with a blue glass, giving equal intensities of red 
and blue rays, the attempt to estimate the distance of the 
white pieces of paper became perplexing in the extreme. The 
object seemed to be moving backwards and forwards as the 
focus changed from red to blue and blue to red. 

36. After about forty experiments with blue and red glasses, 
the errors became less. Evidently the effect of practice was to 
sophisticate the result, the mind knowing the probable result 
beforehand, and making allowance involuntarily. The forty 
experiments were not all made at one time, because the eye 
becomes fatigued when experimentation is prolonged ; and as 
in my own case with fatigue partial astigmatism sets in, I was 
careful to test my vision from time to time, to avoid error from 
this source *. 

37. Every book on Art will tell us that blue is a “ retiring” 
colour, while red is an “advancing colour.“ For long I had 
been convinced that these alleged characteristics were some- 
thing more than associations with blue sky and red rocks ; 
and the universality and tenacity with which artists pronounce 


* Since the experimental results recounted in this paper have been 
chiefly obtained with my own eyes, it may be well to state the following 
particulars :—For objects in centre of field of vision there is no trace 
of colour-blindness; neither eye is astigmatic when not fatigued; their 
range of accommodation is from 11 centims. to infinity, and with good 
definition at all ranges; the blind-spots are distinct, the foveæ centrales 
well formed and sensitive; there is no difficulty in perceiving Purkinje's 
figures and Haidinger’s brushes and lavender streaks. Let me add, as 
a test of definition, that on a clear night I can easily see twelve stars of 


the Pleiades. 
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this opinion is surely indicative of a reality somewhere. The 
opinion of Goethe on this point sums up the whole matter. 
I quote from Sir Chas. Eastlake's edition of the Farben- 
lehre. 

“As the upper sky and distant mountains appear blue, so a 
blue surface seems to retire from us.“ 

“Rooms which are hung with pure blue appear in some 
degree larger, but at the same time empty and cold.“ 

38. So the blueness of the lower misty air may, as Alpine 
travellers know, cause the base of a mountain actually to ap- 
pear more distant than its summit. Mr. Ruskin has noted 
this in his Modern Painters“ T; and the fact has been familiar 
to artists for centuries, having been described by Leonardo 
Da Vinci in his Trattato della Pittura, and is alluded to by 
Goethe. 

39. The sun and moon when red at setting or rising, and 
the moon when red in total eclipse, look nearer—or, some 
people say, larger than at other times. 

40. For the sake of giving prominence or nearness to the 
foreground of a picture, painters will contrive to introduce a 
scarlet flower, or a patch of red rock, or a figure dressed in 
red—a practice sanctioned and well known in Art, but quite 
inexplicable except on the train of reasoning we have been 
attempting to follow. 

41. The immense importance of these facts of physical and 
physiological optics has long been recognized in Art. The 
study of aerial perspective has been carried long since to a 
pitch that renders it worthy to be put upon a basis more than 
merely empirical. There can be little doubt that other 
empirical laws may be similarly accounted for. Visitors to 
picture-galleries may be constantly observed scanning a land- 
scape through a rolled up catalogue, or under the arched 
fingers of the hand. Is there not an explanation, too, for 
this? The square frame of gold asserts the flatness of the 
surface, and prevents the mind from realizing that which the 
eye perceives—that all the rays of light do not focus at once 
upon the retina, but that each tint retires or advances to its 

Goethe's ‘Theory of Colours,’ translated by Sir C. L. Eastlake, R. A., 


F.R.S. (London: 1840), p. 311, par. 780 and 783. 
t Vol. i. p. 182. 
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own appropriate distance. Landscapes without figures or 
architecture, especially, are improved by this method of treat- 
ment ; and the reason is plain: in them the eye judges the 
scene by colour, not by retinal magnitudes or binocularly 
compound sensations. 

42. I have endeavoured to apply the method of experi- 
mentation in another direction. Take any picture in which 
there are well-expressed foregrounds and distances, and look 
at it through the coloured media employed in the earlier 
experiments. If the facts of distance are expressed only 
indirectly, by suggestions of magnitude, by linear perspective 
of vanishing lines and the like, the interposition of a red or a 
blue glass will produce little effect, except that the latter may 
deaden the intensity of the shadows. If, however, the ex- 
pression of distance in the picture is accomplished chiefly 
by aerial perspective (that is to say, by colour), a red glass 
will almost destroy the intelligibility of the picture, while a 
blue glass will draw out the distances in a marked manner. 

43. Reflecting how useful is the purpose subserved thus 
by the rron-achromatism of the eye, I consider it probable that 
if the eye were so constructed as to be originally achromatic, 
having usually blue distances and red-brown foregrounds to 
look at, it would, by an inevitable process of natural selection, 
develop into a non-achromatic instrument. 


Summary and Recapitulation. 


44. I would conclude therefore :— 

(a) That the muscular sensation of the adjustment to focus 
of the lenses of the eye affords a possible means of estimating 
distances. 

(8) That when binocular methods, and those depending on 
association of visible form or magnitude fail, the eye falls 
back on colour as a means of estimating distance. 

(y) That estimates of distance founded on apparent mag- 
nitude are liable to be rendered fallacious by the colour of 
the object. 

(ô) That, conversely, estimates of distance founded on 
colour are liable to be confused by apparent magnitude. 

(e) That colour may in some cases outweigh, as a criterion, 
the evidence of binocular vision. 
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(¢) That the chromatic aberration of the eye accounts for 
the universal opinion of painters as to the“ retiring character 
of blue, and the “advancing ” character of red tints. 

() That Aerial Perspective in Art is a true expression of a 
physical fact in the perception of distance. 

University College, Bristol, 

May 8, 1877. 


XVI. Ice as an Electrolyte. By W. E. Ayrton and qoRHN 
PERRY, Professors in the Imperial College of Engineering, 
Tokio, Japan. 

[Plate III. 
For the purpose of measuring the resistance of ice at va- 
rious temperatures, its power to act as an electrolyte, and 
its specific inductive capacity, the following piece of ap- 
paratus was constructed. A BC D (Plate III. fig. 1) is a cop- 
per box 17:4 centims. in diameter, rigidly fixed by means of 
three legs in the inside of a wooden tub FF. Resting on 
the bottom of the copper box, but separated from it by three 

small pieces of glass (a) (6) (c), is a copper disk, GH, 13 

centims. in diameter, to which is fastened a copper strip J K. 

The box is closed by a very tightly fitting cover furnished 

with two openings—one, L M, to allow J K to pass through 

without touching the cover, the other for the admission of a 

thermometer. Distilled water having been introduced into 

the copper box to a sufficient depth to cover the disk G H, 

the temperature could be lowered by the introduction of a 

freezing-mixture of snow and salt inside the tub above and 

below the copper box, great care being taken that none of the 
mixture fell into the box through the tube LM, which was 
necessarily left open. 

I. Preliminary experiments.—The current from one Meidinger 
cell was passed through the ice and a reflecting-galvanometer, 
the space between the copper plates being 2 millims. Keeping 
the temperature nearly constant (it varying between —18°:2 
and — 17˙2 C.), we found that in one hour the galvanometer- 
readings increased from 46°8 to 168°8, corresponding to a di- 
minution in resistance per cubic centimetre of the ice from 
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354 megohms to 98 megohms. The cause of this may have 
been that, with such thin glass separating the copper disk from 
the box, some tilting may have occurred at freezing, so that 
the coppers were not perfectly parallel; or it may have been 
due to a very little of the salt water of the freezing-mixture 
having found its way into the copper box by passing between 
the box and the cover. The box was therefore opened and 
cleaned, fresh distilled water put in, and the cover cemented 
to the box by “‘cap-cement”’ to avoid the possibility of the 
salt water entering the box. 

II. The current from eighty-seven porous Daniell’s cells 
joined in series was passed through the ice, the temperature 
being kept very nearly constant at —8°0 C. The galva- 
nometer-reading fell regularly from 28:5 to 12-73 in twenty- 
seven minutes, being equivalent to an apparent rise in the 
resistance per cubic centimetre of the ice from 3767 megohms 
to 8443 megohms. The temperature remaining constant, the 
reading fell to 7:20 in about two hours, corresponding with a 
specific resistance of 17,310 megohms. Disconnecting the 
battery and joining the coppers on the two sides of the ice 
through the galvanometer, a discharge-current, which rapidly 
diminished, was obtained, as was to be expected. 

Further experiments showing the difficulty of maintaining 
the copper disk approximately parallel to the bottom of the 
box, the three pieces of glass were removed and thicker pieces, 
0'324 centim. thick, put in their place. The cover was again 
cemented to the box, this being, in fact, always carefully done 
after each occasion on which it was necessary to open the 
box. 

III. Temperature being 2°4 C., an electromotive force of 
0:0087 volt gave (after waiting eleven minutes to allow the 
current to overcome any previous polarization) a deflection of 
212, corresponding with a resistance of 355,000 ohms per 
cubic centimetre. Allowing the temperature to fall slowly, 
we found the readings to remain pretty steady for thirty-four 
minutes when the temperature had become —0°6 C. From 
this time there was a moderately rapid increase of resistance 
up to 14 megohms per cubic centimetre after forty-three mi- 
nutes, the temperature now being —3°8C. The deflection 
was.now 54; and we increased the battery ten times, when it 


ICE AS AN ELECTROLYTE. 173 


was found that this increase of the battery did not increase 
the deflection proportionately (although subsequent expe- 
riments showed that the deflection was very approximately 
proportional to the current); in fact, making the battery 
ten times as large (that is, now using an electromotive 
force of 0'087 volt), only gave a deflection of 129. The 
battery was now immediately reduced to an electromotive 
force of 0:0087 as before ; but the deflection was now only 28. 
Leaving on this electromotive force, the deflection was ob- 
served to steadily diminish until at last it became negative ; 
and it eventually required an electromotive force of 0:0435 
volt to bring the spot of light to zero. This electromotive 
force in the ice, which appeared to be developed by the em- 
ployment of an electromotive force of 0:087 volt for only 
about one minute, remained quite constant, and continued to 
balance an electromotive force of 00435 volt for about half an 
hour, when, the apparatus having been cooled down, a larger 
electromotive force was now employed. 


An electromotive 


force of gave a deflection of at a temperature of 
0:087 volt : —5˙1 
0-174 „ 19°5 
0-261 „ 27:7 —6°4 C. 
diminishing to 23:5 
in thirteen minutes 


These deflections are nearly proportional to the electromotive 
forces. 


An electromotive | gave a deflection of | at a temperature of 
force of 52˙5 — 80.3 C. 
2°61 volts diminishing to 30°1 
Now suddenly in- | the deflection dimi- 
creasing this to nished to 
4°35 volts 39°5 — 8.3 C. 


It might have been expected that doubling the electromo- 
tive force would have more than doubled the deflection, since 
the diminution of resistance in a dielectric produced by time 
of charging only proceeds gradually—whereas the deflection 
only increased from 30°1 to 39:5. This peculiarity is shown 
more fully in the following Table, in which the readings just 
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before and after changing the battery-power are given, the 
intermediate ones being omitted:— 


Electromotive force 2°61 volts. 


Time. Deflection. Temperature. 
hm 8 
7 48 30 30˙1 —12 C. 
Electromotive force of battery increased to 4°25 volts. 
7 49 30 39°5 —12 C. 
7 51 30 36˙5 


Electromotive force increased to 8°7 volts. First swing off 
the scale, but very soon grew steady on returning. 


7 52 0 53•1 — 12˙2 C. 
7 53 0 50°5 
7 54 0 49:1 
Electromotive force increased to 17:4 volts. First swing off 
the scale. 
7 55 0 727 — 12.5 C. 
7 56 0 69:0 
7 61 O 59°5 
Electromotive force increased to 28°71 volts. First swing off 
the scale. 
8 2 0 76°5 —12°°8 C. 
8 5 0 68°6 
8 6 O 67˙2 — 130 C. 


Short-circuited the coppers on the two sides of the ice for 
four minutes. 


Afterwards electromotive force increased to 87 volts. First a 
great swing off the scale, then returned, and in about one 
minute—that is, at 


hm 8s Deflection. Temperature. 
812 0 212°7 —12°°85 C. 
815 0 145˙7 

9 12 0 66˙2 — 108 C. 

9 17 0 65˙2 

9 58 30 66˙2 — 8°85 C. 


Comparing the observation at 8 12* 0* with that taken at 
8˙ 6™ Os, we see that the deflections are nearly proportional to 
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the electromotive forces employed ; this, however, is not the 
case in the other instances when the electromotive force was 
increased. The object of giving three or four time-observa- 
tions for each electromotive force in the above Table is for 
the purpose of showing with what rapidity the reading was 
changing in each case. 

IV. February 11.—A very consistent series of observations 
was made: We first tried the effect of varying the time of 
charging when measuring the discharge from the arrange- 
ment as a condenser ; and we found that increasing the time 
of charging increased the discharge, the temperature of the 
distilled water in the copper box being 8°7 C. Charging, 
however, for ten seconds with an electromotive force of 0°174 
volt, and discharging through the galvanometer when shunted 
with the one-thousandth shunt, and leaving the copper disk and 
box short-circuited for fifteen seconds after each discharge, we 
obtained, during many successive trials, swings varying be- 
tween 75 and 81, and having a mean value of 79. This cor- 
responded with a capacity for the water of 1881 microfarads, 
or 4'384 microfarads per cubic centimetre, making the specific 
inductive capacity of water 50 x 10°, that of air being called 
unity. Of course this number is rather too low, as no allow- 
ance is made for the loss of charge that must occur in the 
very short interval between the conclusion of the charging 
and the commencement of the discharge. The current pro- 
duced by an electromotive force of 0°174 volt was now passed 
through the water, and the fall of current measured as the 
temperature was lowered. This diminution of current was 
partly due to polarization, but more due to increase of resist- 
ance by diminution of temperature. It was quite evident that 
this increase of resistance was very great, and that it was 
quite regular in the passage from the liquid to the solid state. 
These observations we do not give; it is sufficient to state that 
they were consistent with the more important subsequent ob- 
servations given below. When the temperature had fallen to 
—13°°5 C., we stopped the resistance-tests to take the capacity 
of the ice. We charged for ten seconds with an electromotive 
force of 0'174 volt, and short-circuiting the ice for fifteen 
seconds after each discharge, exactly as was done with the 
water. We now found, however, that when using the one- 
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thousandth shunt there was no visible motion of the spot of 
light on discharging ; and when no shunt was employed the 
swings only reached 25. Now, disregarding the error pro- 
duced by varying the shunt in capacity-testing (a correction 
for which could be made in the way explained by Mr. Latimer 
Clark, Journ. Soc. of Teleg. Engineers, vol. ii. 1873, p. 16), 
and also neglecting the frictional resistance of the air, it fol- 
lows that the capacity of ice at — 1305 C. is to the capacity 
of water at +8°7 C. as 25 to 79,000, or as unity to 3160. 
This result, however, has to be corrected for the effects of an 
opposing electromotive force due to some slight oxidation of 
the copper on the sides of the ice, and which equalled 0-053 
volt. Applying this correction, we find the ratio of the ca- 
pacities to be as unity is to 2240. This makes the capacity 
per cubic centimetre of ice at —13°5 C. to be 0°002 micro- 
farad, and the specific inductive capacity 22,160, that of air 
being called unity. 


Approximate ca- . 
pacity per cubic Specific Inductive 


Substance. ; : capacity approxi- 
centimetre in 
microfarads. mately. 
1 8 8831 K 101 1 
Ice at — 1839-5 ̃lʒ .... 196 105 22160 
Distilled water at +8°:7 C. 4:384 50 x 100 


This furnishes an additional example of the principle re- 
cently pointed out by us, that low specific resistance is asso- 
ciated with high specific inductive capacity. 

For further experiments on the capacity of the ice at differ- 
ent temperatures &c., see further on. 

At 12 hours 304 minutes the current produced by 2°61 
volts was passed between the copper plates, the ice being at a 
temperature of —13°6 C. The temperature was allowed to 
rise very gradually; and time-readings of the galvanometer 
deflection were taken. From these the curves ABCDE, 
FG, HI, J K (fig. 2) have been constructed, horizontal dis- 
tances representing time on such a scale that from the point 
A to the point E the time was 2074 minutes, and vertical 
distances measured from the line O O to the curve AB CDE 
representing conductivity, the specific resistance per cubic 


— 
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centimetre at B, for instance, being 2240 megohms. FG is 
a continuation from E one tenth as great for vertical distances 
(that is, for conductivity), but on the same scale for horizontal 
distances. Again HI is a continuation from G on a scale 
one hundredth as great for vertical distances as in the curve 
ABCDE, and JK on a scale for vertical distances one 
thousandth as great, the scales for horizontal distances in all 
the curves being the same. The curve LMN PQ is drawn 
so that vertical distances measured from the line X X repre- 
sent temperature, and horizontal distances time—the zero for 
time, and the length corresponding with one minute, being the 
same as for all the other curves; negative temperature is re- 
presented upwards and positive temperature downwards—the 
point L corresponding with a temperature of —13°1 C. 

The current continued to diminish regularly to the point B; 
when the temperature shown by the point M was —12°3 C., 
and the time 10 minutes past 3. At this point and at the 
other steep places in the curves, water was thrown into the 
freezing-mixture to raise its temperature ; and at such points 
as C, where the current had evidently reached a maximum at 
a corresponding temperature N, the readings are supposed to 
represent the true conductivities at the corresponding tempe- 
ratures; but this, of course, is only approximately accurate. 
It is very striking how the maxima of conductivity and tem- 
perature correspond with one another, considering that the 
thermometer only indicated the temperature of the air in the 
copper box above the ice, whereas change of current indicates 
change of state in the ice itself. The very great increase in 
conductivity which occurs at the melting-point is seen to be 
quite regular, and unlike what one might expect from the dis- 
continuity of the solid and liquid states. 

Taking the corresponding conductivities and temperatures 
at points C, N, &c., we have drawn the curves RS, TV 
(fig. 3). Horizontal distances to the right of Y Y represent 
positive temperatures, and to the left negative, on such a scale 
that the point R corresponds with a temperature of —12°4 C. 
Vertical distances measured from X X represent conductivity 
on such a scale that the point R corresponds with a resistance 
per cubic centimetre of 2240 megohms. TV is a continuation 
from S on a scale for vertical distances three thousandths of 

oz 
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that employed in the curve RS, the scale for temperature re- 
maining as before: the point V thus corresponds with a resist- 
ance per cubic centimetre of 0:33 megohm at a temperature 
11°02 C. From the curves (fig. 3) it would appear that the 
very great increase in conductivity occurred at about 1° C. ; 
it is possible, however, that the apparently corresponding 
points of maximum temperature and maximum conductivity 
shown in the curves (fig. 2) may not have really exactly cor- 
responded, although changes in the temperature always ac- 
companied changes in the current. 
The curves RS, T V do not appear to be logarithmic. The 

coordinates of the points from which they have been drawn 
are given in the following Table:— | 


Temperature, Resistance per 
in degrees cubic centimetre, 
Centigrade. in megohms. 
3 2240 
6 · 1023 
// 948°6 
o ee 642°8 
CCC 569˙3 
— 246 . „ e 484˙4 
CCC 387°6 
o 2840 
CC 118˙8 
About Gadewwaseesansioneanas 24˙8 
„ o r i 9-1 
Ai UTD E 0:54 
ieee 0˙34 


V. The copper disk GH (fig. 1) was now removed and 
replaced by a disk of zinc of exactly the same size. The 
pieces of glass used to separate the zinc disk from the bottom 
of the copper box were the same as those previously employed, 
being 0°324 centim. thick. Distilled water was poured in so 
as to cover the zinc plate, and the cover was cemented on 
the box as before. In the following experiments, K J (fig. 1) 
was a strip of zinc cut out of the same sheet as the disk G H 
and bent up: the strip K J and the disk G H were therefore 


continuous without joint. The point J was joined to one of 
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the electrodes of a Thomson’s quadrant electrometer, and the 
copper box D C to the other electrode. Both with water and 
with ice the maximum electromotive force obtained was one 
volt about. 

In the first sets of experiments, A, B, C, the zinc disk and 
copper box were alternately joined together and insulated from 
one another, the result of the short-circuiting being, of course, 
to diminish the electromotive force by polarization. While 
this was being done the temperature was gradually lowered. 
It is rather difficult to determine how much the results were 
affected by polarization and how much by the lowering of the 
temperature. We give, however, the results (in a tabulated 
form) as we obtained them:— — 


A. 
Timeof ee Deflection Time taken to T ture 
F é Highest | arrive at high- e 
circuiting, in immediately deflect; e cant dofet on in degrees 
minutes. on maatim: ARER | i ’ | Centigrade. 
y JP ee 240 { st tine quickly) about go 
2nd time slowly 
shee 240 | 3 —4° 
‘acess | 207 | 2 | 
TER 203 l ner falling gra- 
ERE 196 | N d 
os 10 44 neh 
S „ e 178 „ RA 
| 176 
3 * . quickly. — 12° 
! t 
B. 
1 | nearly 0 210 | 8 15° to 1e 
1 1 151 9 — 1 to —5°5 
| D g 170 si —6° 
C. 
] 184 203 5: 4+ 2°-6 
1 184 203 5: +2°°6 
3 168 204 85 +2°°6 
7 156 204 fi +2°°6 
10 150 167 l :—1°-5to —2°7 
l 153 175 6 — 3 to —3°'5 
3 154 179 7 
14 195˙5 2⁵ — 5° to - 9˙5 
J „ a 208˙5 60 — 12° 


It is possible that the deflection 208°5 would always have 
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been obtained had the zinc plate been left sufficiently long 
insulated after short-circuiting. The plate and box, however, 
were always short-circuited when the rise in the electromotive 
force had apparently ceased. 

To separate, to a certain extent, the effects due to polariza- 
tion from those due to difference of temperature the following 
experiments were made. The zinc plate and copper box were 
alternately short-circuited for two minutes and insulated for 
two minutes, the temperature being kept constant at + 2205 C. 
This being repeated six times, reduced the deflection 231, 
obtained at the end of the first two minutes of insulation, to 
155, obtained at the end of the last two minutes of insulation. 
Exactly the same experiment being repeated ten times with 
ice at a constant temperature of about —17° C., the deflec- 
tion 212, obtained at the end of the first two minutes of insu- 
lation, was only reduced to 203 at the end of the last two 
minutes of insulation. It would therefore appear from this 
set of experiments, that the smaller amount of polarization 
produced by the high resistance of the ice only allowing a 
small current to flow during the short-circuiting of the zinc 
plate and copper box was of rather more importance than the 
solidity of the ice retarding dissipation of polarization. 

VI. Further experiments on the Specific Inductive Capacity of 
Ice.— The zinc disk G H (fig. 1) was now removed and the ori- 
ginal copper disk replaced. With a charging electromotive 
force as small as 0°174 volt, we found that, in the case of ice, 
it was always necessary to carefully correct the swing for the 
opposing permanent electromotive force existing between the 
copper disk and the copper box, whereas with water at about 
+10° C., when using the same charging electromotive force, 
it was not necessary to make any such correction. Rough 
measurements gave this opposing electromotive force at 
—12°4 C. as 0-017 volt, and showed that as the temperature 
rose there seemed to be a regular decrease: at 0° C. it was only 
0-003 volt, and at higher temperature it was immeasurably 
small by the rough method we employed. To avoid this cor- 
rection being of so much importance, we used an electromo- 
tive force of 0°87 volt to determine the capacity of ice at dif- 
ferent temperatures. We did not find that the time of char- 
ging or the time of short-circuiting affected our results nearly 
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as much as in the case of water; in fact, the time of short- 
circuiting our ice condenser between successive tests of its ca- 
pacity hardly affected the results at all; but during a series 
of observations, the time of short-circuiting between every 
two being fifteen seconds, and the time of charging being 
gradually increased from five seconds up to thirty, the swings 
increased from 56 to 70 divisions of the scale. We therefore, 
as on the former occasion, always charged for ten seconds 
and short-circuited for fifteen. Four or five consecutive ob- 
servations of this kind always showed a slight increase from 
the first to the last, the temperature being kept quite constant. 
Several series at different temperatures are shown in the fol- 
lowing Table:— 


| Temperature, in | Swings, first and | 


Time. | degrees Centi- , last of a series of 
| grade. | four. 
h m 8 | 61 
; Í 
9 20 -$5 ore ! 
9 25 —8-˙8 | a 
%% r | 1605 
927 235 926 
t iJ 
9 44 —2˙5 a 
9 55 | 0 325 


In the above experiments the ice condenser always remained 
short-circuited while the temperature was being raised between 
each set of experiments. The results obtained appear to show 
that the specific inductive capacity of ice does not materially 
alter from —9°5 C. to —2°5 C.; the apparent change 
near the melting-point is very probably due to the increased 
conductivity of the ice allowing much of the charge to be lost 
before the discharge through the galvanometer. Our preceding 


. ci ice 
experiments have shown that the conductivity of { 1 


increases regularly without discontinuity from — 10 C. to ＋ 10 
C., although altering very rapidly at 0° C., where the change of 
state occurs. The specific inductive capacity, on the other 
hand, appears to change very little while the dielectric (ice) 
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is solid, and perhaps also changes very little while the dielec- 
tric (water) is liquid. It must therefore probably undergo a 
great change at the melting-point, since we have shown that 
the specific inductive capacity of water at 89,7 C. is about 
2240 times that of ice at —13°5 C. The specific inductive 
capacity seems therefore to be a stress and strain phenomenon, 
and to be intimately connected with the rigidity of the body ; 
whereas the connexion between conductivity and rigidity 
seems to be less marked. This, we think, bears out all recent 
theories in molecular physics. The complete investigation of 
the connexion between the conductivity and specific inductive 


capacity of f T at different temperatures will form the 


subject of a second paper. 
March 22, 1877. 


XVII. On an Apparatus to illustrate the Interference of two 
Plane Waves. By C. J. Woopwarp, B.Sc. 


THE effect produced by the simultaneous propagation of two 
or more plane waves is in a few simple cases easily rea- 
lized; in others, however, the mind is somewhat harassed 
in ascertaining what will be the resultant wave made up of 
certain given elements. The apparatus I am about to describe 
is intended to assist the student by enabling him to draw for 
himself the required resultant wave; or the apparatus may be 
used in the class-room to illustrate the general subject of in- 
terference. ö 

So far as I know, the only apparatus of the kind in use by 
lecturers is one based on the method described by Dr. Young 
(Natural Philosophy, Lecture xxxiii.) ; but here, to obtain 
any variety of effects, a series of dissected waves are required, 
and these are troublesome to make or expensive to purchase ; 
whereas with the arrangement I now exhibit to the Society, 
when once the framework of the ‘apparatus is made, combina- 
tions of any desired waves may be drawn, with merely the 
trouble incidental to cutting out the required waves in card- 
board or thin tin. 

The apparatus consists of a board, A A, about 3 feet long, 
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2 feet wide, and 1 inch thick, set upright on a base-board B. 
A strip of cardboard, C, is fastened by drawing-pins to the 
board; and on this is drawn the compound wave resulting 
from the two component waves W, W’. These component 
waves are cut out of strong cardboard or tin, and can be easily 
and quickly placed in position by letting down the flaps F, F”. 
D is a stout mahogany board, with a wedge-shaped groove in 


Fig. 1. 


Moving the boards D, E, F from right to left by means of the handle 
H traces the wave W”, a combination of the waves W and W.. 


it sufficiently wide to allow the board E to slide freely up and 
down. A handle, H, is secured to the board D to enable the 
operator to move D from one end of A to the other. The 
board E has a pulley fastened to its lower part; and this pul- 
ley runs on the tin wave W, so that if the board D be moved 
horizontally, the sliding board E will rise and fall as the pul- 
ley passes over W ; and of course, were there a pencil attached 
directly to E, the pencil would trace a curve the same, or very 
nearly the same, as that of the wave. The sliding board E 
has also a wedge-shaped groove cut in it to allow the board F 
to slide vertically ; and to F is also attached a pulley, which 
runs on the wave W’. With the upper board F, as with the 
lower, if the pulley be made to traverse the wave W’, a pencil 
fastened to F would trace a wave corresponding to W’. The 
pencil (or, more properly, pen) used in the apparatus consists 
of a thistle-funnel, with the tube drawn out so as to have an 
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opening of only a fraction of a millimetre. The tube is bent 
as shown in the figure at G; and the drawn-out part presses 
gently against the cardboard C. To charge the pen, some 
violet ink is poured into the thistle-funnel, which is then closed 
with a cork. 

The action of the apparatus will easily be understood. As 
the board Ð moves along, the board E rises and falls; and this 
by means of a roller causes the wave W’ to rise and fall to 
each elevation and depression of the wave W below. Now 
the board D as it moves along carries with it the sliding 
board F with the attached pencil; and as this board F is car- 
ried along it rises and falls to the elevations and depressions 
of the wave W’. But, as has been said, it also rises and falls 
to the wave W: the motion of the pencil is therefore the alge- 


braic sum of the forms of waves W and W’. In the figure 
Fig. 2. 


wave C results in each case from the superposition of the waves A 
and B immediately below C. 

the waves W and W’ are of the same length and amplitude 
and correspond in phase, so that the tracing W” is a wave of 
the same length but twice the amplitude of the waves below. 
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By moving the wave W’ to the right, its phase may be 
made }, 4, &c. of an undulation different, and a fresh tracing 
obtained. By removing the wave W’ and inserting succes- 
sively others of different lengths and amplitudes, various com- 
bined waves are traced out on moving the board Dalong. A 
few tracings obtained by the apparatus are represented in 
fig. 2, page 184. 

In order that the frame carrying the wave W may rise and 
fall freely, the brackets K, K are linked together at the back 
of the board by a parallel motion, used in the Cowper printing- 
machine, and which will be found described in Goodeve's 
‘Elements of Mechanism,’ 3rd edit. page 66. 

It is obvious that by an extension of the same principle an 
apparatus could be made to give the tracing of a combination 
of three or more waves. To do this, however, the mechanical 
arrangements must be much better than in the comparatively 
rough instrument I have exhibited. 


XVIII. On Interference Fringes within the Nicol Prism. 
By SiLVAxus P. Tnoursox, B. Sc., B. A.“ 


1. In the Edinburgh New Philosophical Journal’ for 1828 
(p- 23) is a communication On a Method of so far increasing 
the divergency of the two Rays in Calcareous Spar that only 
one Image may be seen at a time.“ In this, the original ac- 
count by the inventor of the now well-known Nicol prism, 
occurs the following sentence:—“ There is a tinge of blue where 
the ordinary ray vanishes on one side, and a tinge of orange 
accompanied by a number of obscurely coloured fringes, where 
it terminates on the other.“ Probably the great majority of 
those who are familiar with the Nicol prism are acquainted 
with the phenomena alluded to in the passage quoted. As the 
author has not found, however, any more explicit reference to 
them, nor any attempted explanation of them, he ventures to 
offer the following account of an examination he has made 
of their nature and origin. 


® Read June 9, 1877. 
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General Description of the Phenomena. 

2. Let a Nicol prism“ be placed so that its axis is in a line 
with the axis of the eye, with the longer diagonal of the 
lozenge-shaped field vertical, and so that the oblique face of 
the spar retreats from the eye from left to right. If then the 
eye be moved so as to explore the visible interior, it will be 
seen that the light of the“ field (which, it will be observed, 
is that of the ray now usually called the extraordinary ray) is 
terminated to the left by a margin of violet-blue light running 
vertically in almost a straight line, having the violet edge to 
the left, next the darkness, and the blue and bluish-green por- 
tion to the right, next the light. Further, this field is termi- 
nated to the right, not by the “orange band” and fringes, 
but simply by the limits of the edges of the prism. 

3. The orange band ” is situated at the termination of a 
second “ field ” of less intense illumination, which only comes 
into view when the light passes to the eye obliquely through 
the prism. This is the field of the“ ordinary ray; as may 
be proved by first passing the light directly down the axis of 
a second Nicol prism also having its longer diagonal vertical, 
when the second field, together with the orange band and 
fringes, disappears totally. The orange band consists of 
red, orange, and orange-yellow rays, the former lying more to 
the left, the latter more to the right. The fringes, which, with 
an important modification, present the colours of Newton’s 
transmitted rings, lie right within the coloured band, and ex- 
tend beyond it parallel to its edge. They are curved in form, 
the sinus of the curve being toward the right. The visible 
curvature is greater the nearer the eye is brought toward the 
prism. Their form approximates to that of the arc of a circle ; 
though really only a portion of a conchoid curve which becomes 
at last asymptotal toa line varying with the position of the eye. 
Could the eye be actually plunged within the substance of the 
Nicol prism, the curves would, as will hereafter be indicated, 
appear truly circular in form. 


* My experiments have been made chietly with two Nicol prisms, by 
Tisley and Spiller, of 1 inch clear aperture each, and with a larger prism 
of 14 inch aperture; but the phenomena may be observed with any Nicol 
prism whatever. 
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4. When monochromatic light is employed, the fringes in 
the “ orange band ” become more numerous and sharper ; and 
a second set of fringes, not otherwise noticeable, appears within 
the edge of the “blue band: these fringes are precisely 
similar in kind with those of the “orange band, but their 
curvature is usually so slight as to be unobserved. If a thin 
prism of glass of suitable angle be interposed in the path of 
the ordinary ray, the particular dispersion of the “ orange 
band ”’ may be corrected, and the fringes are then left sharper 
and brighter; the second bright band of the fringes is the 
brighter. The glass prism may be employed either between 
the eye and the Nicol prism, or beyond the Nicol prism, in 
this experiment. The particular dispersion of rays that pro- 
duces the “blue band may also be corrected by a glass prism, 
but only when this is placed between the eye and the Nicol 
prism, not when beyond the Nicol. When the blue band is 
thus eliminated, the fringes observed in monochromatic light 
may be seen at the termination of the field of the extraordi- 
nary ray to the left. The fringes of both sets appear narrower 
in blue light than in red light. 

5. The light which gives the extreme red portion of the 
“orange band”’ meets the first surface of the Nicol prism at an 
angle of about 18° 15’ with the axis of the prism, passes through 
the prism almost parallel to its axis, and emerges parallel to its 
former path. It, and in fact all the rays of the second“ field 
(that consisting of ordinary rays, and seen obliquely), suffer 
therefore a lateral displacement. The light of the extreme violet 
ray of the “ blue band ” meets the first surface of the prism at an 
angle of about 80°, and it and most of the rays of the bright 
“ field ” (that seen directly, and consisting of“ extraordinary 
rays) pass almost in straight lines through the prism, and 
emerge without suffering deviation or any considerable dis- 
placement. The extreme violet ray makes an angle of about 
Y° with the axis of the prism. 

6. If the light of the “blue band” be received upon the 
horizontal slit of a spectroscope, the presence of dark inter- 
ference-stripes reveals the character of the light of that region 
of the field. 
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Cause of the Phenomena. 


7 The two sets of fringes—those of the “orange band 
and those of the “ blue band —are due to interference taking 
place within the film of “ balsam at the critical angle of total 
reflexion for ordinary and extraordinary rays respectively. 
The production of interference-phenomena in a thin film placed 
beneath a prism of a more highly refractive substance, and 
occurring just within the limit of total internal reflexion of 
the prism, was first observed by Sir W. Herschel, and is 
described in detail by Sir John Herschel in his ‘Essay on 
Light,’ art. 641. It is there shown that, to an eye immersed 
in the prism, an iris is formed at the edges of the cone of rays 
which reach the eye at the critical angle, and that this iris is 
blue for reflected, red-orange for transmitted rays; the sepa- 
ration of the colour being the simple consequence of the total 
reflexion following the index of refraction, which, being higher 
for more refrangible rays, causes them to meet the eye in a 
cone of lesser angle. The fringes seen within the red-orange 
iris that thus borders the limiting circle of transmitted rays 
follow naturally from a consideration of the paths travelled by 
the various rays in their passage through the thin film below. 
They follow the order of Newton’s rings, except that those 
nearest to the limit are deprived of the rays of higher refran- 
gibility within whose critical angle they lie; but the regularity 
of their form and tint is disturbed, to an eye outside the prism— 
the cone being distorted and the circularity of the arcs de- 
stroyed, and the fringes being displaced and confused by dis- 
persion at the outer surface of the prism. 

This experiment of Herschel’s is usually made with an equi- 
angular prism and a piece of plate glass pressed against its 
base. The width of the fringes increases with pressure as the 
thickness of the film of air diminishes. As the critical angle 
depends on the index of refraction out of the film into the 
prism, the cone of rays has a wider base when a film of water 
is used instead of a film of air; and the nearer the index of 
the film to that of the prism, the greater becomes the radius 
of curvature of the iris and fringes. 


Of the Conditions of Total Reflexion. 
8. In order to apply the case of the iris and fringes observed 


FRINGES WITHIN THE NICOL PRISM. 189 


by Herschel to the phenomena of the Nicol prism, it will be 
necessary next to prove that, at certain angles of incidence, 
both the ordinary and extraordinary ray suffer total reflexion 
at the surface of the separating film. 

Most text-books assert, on the contrary, that total reflexion 
of the ordinary ray does not occur“. The original paper of 
Nicol spoke only of increasing the divergency between the two 
rays; and it was left to the late Mr. H. F. Talbot to point out 
that both rays came through at a certain obliquity, but that 
one image vanishes by total reflexion before the other. 

9. The following modification of the construction of Huy- 
gens will enable us to establish the correctness of Mr. Talbot’s 
statement. Let the parallelogram M N P O represent a prin- 
cipal section through the axis of the Nicol prism, O and M 


— ———— nD äoàäwA— 

Pide Tyndall, ‘On Light, p. 125: —“ Now the refractive index of 
Iceland spar is for the extraordinary ray less, and for the ordinary ray 
greater than for Canada balsam. Hence, in passing from the spar to the 
balsam, the extraordinary ray passes from a less refracting to a more re- 


fracting medium, where total reflection cannot occur; &c. 


t “ Facts relating to Optical Science, No. II. On Mr. Nicol's Pola- 
rizing Eyepiece,” Phil. Mag. 1834, p. 280. 
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being the two ends of the shorter diagonal of the lozenge- 
shaped face. ON represents the trace upon this plane of the 
film of balsam, making an angle of about 20° 40’ with OP. 
Produce OM to Q. Through O draw a line AOE parallel 
to the direction of the optic axis of the crystal, making an 
angle of about 47° with OM. About O as centre describe 
three semicircles having radii OA, OB, OC, respectively 
proportional to the velocity of light in air and in the extra- 
ordinary and ordinary rays of calc-spar. Draw another semi- 
circle with radius O D proportional, on the same scale, to the 
velocity of light in Canada balsam. The following Table gives 
these values (air =1), together with the corresponding indices 
of refraction for red and violet rays (rays B and H of Fraun- 
hofer) :— 


Index of Veloci 
refraction. (air =I). 
; Red.. 165308 60493 
e Violet ..| 168330 50407 
ee Red... 148391 67386 
Extraordinary ray... Violet. 1.40780 66765 
59 -l 
Canada balsam Violet i 3 a 


These circles cut ON in a’, „, d, and d respectively. 
Draw OK perpendicular to AE, and construct the semi- 
ellipse CK G. This represents the section of the ellipsoid of 
revolution for the principal section of the crystal in the plane 
of the diagram. The direction of the rays that pass at the 
critical angles may then be determined as follows:—For the 
ordinary ray, from the point d’ draw a tangent to the circle 
Cc’ G, and produce it till it meets OQ ina; from a draw 
aS a tangent to the circle AS E, and produce SO to S’. All 
rays meeting the face M O at angles less than M O S’, by ordi- 
nary refraction will traverse the film O N, while all incident at 
greater angles will be totally reflected. For the extraordinary 
ray, draw from d a tangent to the semi-ellipse C K G, meeting 
OQ in 8; draw BT a tangent to the circle AS E, join TO, 
and produce to T’. All rays incident on the face O M, within 
the angle MOT, and entering by extraordinary refraction, 
will be transmitted, but those incident at greater angles will 
be totally reflected. Hence the true “feld” of the Nicol 
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prism, in which only the extraordinary rays are found, is that 
of rays incident within the angle 8’ OT’. Supposing that we 
have hitherto taken the indices of refraction for red rays in 
our construction, these an gles will determine the limits of 
transmission for red rays. If now new circles be drawn“ 
having the values of OB, OC, and O D to correspond to violet 
rays, and a new semi-ellipse be drawn as before, the same con- 
struction will be found to give slightly different positions for 
the lines OS’ and OT. For violet the limiting angle for 
ordinary rays is rather less than M O S’, and for extraordinary 
rays rather greater than M OTt (not shown in small diagram). 

10. It is well known that the refractive index varies in dif- 


æ This has not been attempted in the diagram, as an inconveniently 
large scale would have to be chosen, and then the construction would be 
confusing without the use of coloured lines. 

+ It can readily be shown, on simple algebraical reasoning, from the 
data given, that the circle Dd’ H cuts the line ON outside the ellipse. 
Call r the portion of line ON intercepted by the ellipse, and call angle 
AON, 8. This angle never exceeds 48° 25’, and is less in some prisms. 
Taking x and y as the rectangular coordinates of the intersecting point, 
when the ellipse is referred to O as origin and to principal axes as Coor- 
dinates, 

rer sin o and y=rcos 6. 
Substituting these values in general equation to ellipse with origin at 
centre, we get 

7 sin 7 cos 9 1 

„ „ 
and 

b’ sin? 6 a? cos? Ô a 1 

a7 ab? r? 
which may be reduced to the form 
a 

/ sinz 0 55 0810 

Inserting the appropriate values for red and for violet rays respectively, 
as given in the Table in § 9, the values of r are found to be 0-636 and 
06247, which are severally less than the reapectively corresponding values 
of the radius O d, 0'654 and 0-644. In either case, therefore, a tangent 
to the ellipse can be drawn from d:, that is to say, it is possible for total 
reflexion to occur to each ray; and there is consequently in the Nicol 

rism an obliquity of incidence at which both rays are transmitted, an- 
other obliquity at which, while the extraordinary is transmitted, the or- 
dinary ray 18 reflected aside, and another at which both rays are totally 
reflected. | 

VOL. II. P 
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ferent specimens of Canada balsam. If one with too high a 
refractive index be taken, OD will approach OC in value, 
and then it may happen that d’ will fall within the ellipsoid ; 
in which case it will be impossible to draw a tangent, the cor- 
responding fact being the impossibility of total reflexion at 
any angle. After carefully working this construction for the 
best determinations of the various refractive indices by Rud- 
berg, Wollaston, and Brewster, the author has been unable to 
discover such a case. As, however, it is notorious that in the 
large Nicol prisms now manufactured ordinary Canada balsam 
cannot be employed, but a harder gum-resin, such a case may 
occur; but then there will be no “ blue band ”’ unless the point 
a’ still falls without the ellipsoid for red rays. 


Of the Red-orange Iris. 

11. From the foregoing considerations it will now be appa- 
rent why a red-orange iris is seen at the limiting surface of 
the ordinary rays, for it has been shown that the limit for rays 
of high refrangibility lies within the angle M O 5’; hence 
red and orange rays are transmitted at angles of incidence at 
which no blue or violet or green can pass. 


Of the Blue Iris. 


12. It will also be seen that if the limit for violet extraor- 

dinary rays lie beyond MOT’, violet and blue rays can be 
transmitted at angles at which red and orange rays are cut 
off. Hence the iris at the limiting angle will be blue, not 
orange. It will not be forgotten that O T is incident at about 
80° to OM, at which angle the ray would suffer little deviation 
and dispersion ; but this deviation and dispersion is in reality 
from, not towards, the normal to the surface, since the crystal 
is negative and the ray extraordinary ; so that the dispersion 
is reversed for rays entering at angle MOT. 
A simple experimental proof of this reversal of dispersion 
is obtained by looking through a Nicol prism at a narrow 
opaque body against the light, when slight tinges of blue and 
of yellow appear at their edges; but the positions of these 
blue and yellow margins are reversed in the two fields. 

The blue iris is not so much curved as the orange iris, since 
the index of the balsam of the film is nearer to that of the ex- 
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traordinary ray than of the ordinary ray. For the same reason 
the cone of rays coming to the eye must be more obtuse, and 
hence, for the same thickness of film, the interference-fringes 
must be nearer together and finer; they will therefore be the 
more easily obliterated in the subsequent dispersion at the face 
of the prism nearest the eye, as in fact is the case, except when 
the dispersion is corrected by a thin glass prism, or avoided 
by the use of monochromatic light. 


University College, Bristol, 
May 21, 1877. 


Aote.— In Foucault’s prism, where both rays are totally 
reflected at the surface of a film of air, instead of balsam, the 
angular magnitudes of the limiting cones of transmitted rays 
are much less, and the field is consequently narrower. More- 
over,as the extraordinary ray in this case suffers total reflexion 
when the limiting angle of incidence is much greater than in 
the Nicol prism, the deviation and dispersion are toward the 
normal to the surface, and there can be no blue iris. In the 
Foucault prism, in fact, a series of coloured bands and fringes 
‘exists at the limit of each of the two fields, but each is red- 
orange.—S. P. T. 
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XIX. On a Form of Daniell Cell convenient as a Standard of 
Electromotive Force. By OLIVER J. Lopar, D. Sc.“ 
[Plate IV.)] 


ALTHOUGH a volt is the formal unit of electromotive force, 
yet it happens in practice that differences of potential get 
stated as equal to so many Daniell cells more frequently 
than any thing else, showing that there is some decided 
convenience in this mode of statement, a convenience partly 
owing, no doubt, to the fact that a freshly set-up Daniell is a 
tolerably uniform and easily reproduced standard. An ordi- 
nary Daniell, however, is by no means suitable as a standard, 
because of the diffusion of the copper-liquid through the porous 
cell. This defect must obtain in any cell where two liquids 
separated by a porous partition are employed; and hence 
attempts have been made to construct standard cells with solid 
electrolytes, or with mercury instead of copper salts, as in the 
little cell devised by Mr. Latimer Clark, which, though not 
absolutely constant, is still, I suppose, the best for its special 
purpose. But all cells with solid electrolytes are extremely 
inconstant, in the sense that they suffer greatly from short- 
circuiting and take some time to recover themselves; and 
there are some other inconveniences attending the use of a 
large number of Clark’s cells. 

One of the cells was exhibited at a meeting of the Society in 
February 1877. 

VOL, II. Q 
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al convenient Daniell Cell with high internal Resistance. 


Of all known cells, a Daniell charged with sulphate of zinc 
and sulphate of copper seems to be the most perfect—in th's 
respect, that the materials remain always the same during 
action except that the sulphate of zine gradually increases in 
quantity, a difference which scarcely affects the electromotive 
force. Almost the only defect in the constancy of a cell so 
charged is due to the fact that the two liquids diffuse into 
each other, for which reason the battery cannot retain its 
original state after it has stood for some time. Any thing 
equivalent to a porous partition is quite useless for keeping the 
liquids separate; and the only plan seems to be to provide as 
long a column of liquid as possible for the copper salt to dif- 
fuse through. 

This is done in a compact and simple manner in the cell 
represented in fig. 1 (Pl. IV.). A wide-mouthed bottle (ora tall 
jar) is fitted with a cork through which passes a wide glass tube 
open at both ends. To the lower end of this tube a short 
closed tube (like a test-tube) is tied with silk thread ; a long 
strip of sheet zinc is put down the open tube; and a copper 
wire, recurved at the bottom and coated with sealing-wax ex- 
cept atits two ends, is passed through the cork to the bottom 
of the closed tube, where it is imbedded in a few crystals of 
copper sulphate. The bottle is then nearly filled with dilute sul- 
phate of zine, and the cork with the tube is inserted, the latter 
being so arranged that the end of the zine strip and the month 
of the short tube are both below the surface of the liquid. In 
a short time a strong solution of sulphate of copper forms at 
the bottom of the closed tube where the copper wire is bare, 
and it gradually diffuses upward; but in order to reach the 
zinc it has to diffuse itself all through the water of the bottle 
and then up the long tube containing the zinc; and this takes 
a long time, though it certainly does take place to some extent 
in a week or so. 

But when I want to put the cell by for any length of time, 
J pull the long tube a little higher up through the cork, so 
that the mouth of the short tube emerges above the liquid and 
thus’entirely prevents diffusion. The zine strip is also raised 
ont of the liquid by the same action. It is convenient to have 
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the cork fitting pretty air-tight; or else evaporation may go 
on from the edges of the tube, and the salts which crystallize 
there may continue the diffusion slowly. 

The copper wire need not be covered with wax or any thing; 
but if it were not, its upper parts would assist in the action 
until they were polarized ; and hence the internal resistance 
would be liable to vary, which is not desirable. The internal 
resistance of such a cell is always rather high: for instance, 
in the ono of which fig. 1 is a portrait, the bottle stands about 
6 inches high, and the internal resistance is about 500 ohms 
when arranged as shown ; but of course it depends greatly on 
the position of the tubes, and also somewhat on the tempera- 
ture. Hence it is not to be regarded as giving necessarily a 
very constant current, but rather as a cell which can be used 
for a long time and yet keep its electromotive force nearly un- 
changed. 

I have also made a set of small cells on the same principle, 
with ordinary quilled tubing for the tubes, and with test-tubes 
for the containing vessels, making the connexions by twisting 
the thin copper wire of one cell round the projecting tube 
(with the zinc bent down springily over it) of the next. A 
large number of such cells may be quickly made and arranged 
in ordinary test-tube stands; and they are convenient for 
many purposes, such as capacity- or insulation-testing, where 
high electromotive force is required“. The whole rack of 
cells was once accidentally upset ; but thongh a little liquid 
escaped from the open ends of the zine-tubes, the copper-liquid 
remained steady at the bottom of its tube without visible dis- 
turbance. 


al Cell for a Standard of Electromotive Force. 


Fig. 2 shows a bottle about 3 inches high, which I have 
made to act as a standard of electromotive force. It differs in 
no essential respect from fig. 1, except that the mouth of the 
tube containing the copper-solution never dips below the sur- 
face of the liquid, but always projects 4 inch above it. Tho 

* I suppose that by using platinum instead of copper wire, and strong 
nitric acid or else sulphuric acid and bichromate of potash instead of the 


copper salt, one could nearly double the electromotive force, though with 
- gome loss of constancy. 


oo 
22 


198 ON A STANDARD OF ELECTROMOTIVE FORCE, 


other or open tube does not project at all above the cork ; and 
its lower end is drawn out and coiled round so as still further 
to retard tlie passage of the copper-liquid to the zinc. The 
zinc, Which should be pure, is supported at the right height 
by a pin thrust through it. The closed tube is proportionally 
longer than in fig. 1; it is nearly filled with pure sulphate-of- 
copper solution, a few crystals being placed at the bottom ; 
and it is tied to the other tube, as before, with silk thread 
(which appears not to rot). The copper wire is gutta-percha- 
covered with its ends bared. The bottle is filled nearly to its 
neck with very dilute sulphate of zinc ; and the cork is then 
inserted air-tight. 

No mixing of the liquids is now possible; but conduction 
still takes place over the damp surface of the glass tube, espe- 
cially if, before use, the whole bottle be slightly inclined so as 
to wet the edges of the tube. The slight film of zinc-salt thus 
formed, being hygroscopic and being in a saturated atmo- 
sphere, will keep the top of the tube sufficiently moist for an 
immense time. 

The only possible changes which can go on in this cell are 
in the zine and the solution in immediate contact with it. 
This solution can at any time be drawn off with a pipette and 
replaeed by fresh, without greatly affecting the liquid in the 
bottle (if the cork be air-tight); and the zinc can still more 
easily be taken out and replaced by a new piece. 

I have described the cell as at present made; but if there 
were any chance of its coming into use as a standard, a few 
modifications might be introduced. Thus the zinc might be 
a short rod with an india-rubber collar fitting the tube and 
with a short copper wire attached to it, which should project 
above the cork instead of the zinc, the joint being a little way 
down the tube and protected by a coat of varnish from damp 
air. A set of experiments would have to be made to determine 
the dependence of electromotive force on temperature ; and 
then a thermometer with a short scale might be fixed in each 
cork. 


University College, London. 
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XX. Ice as an Llectrolyte.—Second Communication. By W. 
E. AYRTON and JoHN Perry, Professors in the Imperial 
College of Engineering, Tokio, Japan. 


[Plate V.] 


In our former paper on Ice as an Electrolyte, read before 
the Physical Society on May 26th of this year, we de- 
scribed experiments which proved, among other things, that 
as the temperature of ice is allowed to gradually rise the con- 
ductivity increases regularly, and that there is no sudden 
change in passing from the solid to the liquid state. We also 


water 
at - 13,5 C. and at +8°7C., and found that at the latter 
temperature it was about 2240 times as great as in the former. 
Preliminary experiments aiso showed us that there was very 
little change in the specific inductive capacity up to 0° C.; and 
it was anticipated that there would not be a very great change 
atter 0° ; we therefore concluded that a very great change must 
occur at the melting-point. A series of further experiments 
made with the same apparatus, since the writing of the previous 
aper, have enabled us to draw approximate curves (Pl. V.), 


ABC, D E for the specific capacity of f 1 l from— 12°-2 
C. to +5° C., all tests of capacity being made by charging 
for ten seconds and then short-circuiting the { avs l con- 


determined roughly the specific inductive capacity of f ice \ 


water 

denser for fifteen seconds. From these it will be seen that, 
although the change at the melting-point is not quite as sudden 
as we expected, our anticipations are on the whole realized. 
It must be remembered too (see the description of the appa- 
ratus in our former paper) that, as the present experiments 
were made with a gradually rising temperature, the thermo- 
meter will always indicate a temperature a little higher than 
that of the ice ; the curve BC ought probably, therefore, to 
be even more vertical than it is. 

Distances measured perpendicularly to YOY represent 
temperature — positive temperature if meusured to the right, and 
negative if measured to the left. Distances measured perpen- 
dicularly to X O represent specific capacity per cubic centi- 
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metre for points on the dotted lines, and conductivity for points 
on the continuous lines. The scale for temperature is the same 
for all the curves. The scale for vertical distances for the 
capacity-curve D E is one eighth of that for the capacity- 
curve A BC; and the scale for vertical distances for the con- 
ductivity-curve J K is three thousandths of that for the curve 
FGH. o 

The point A corresponds with a capacity per cubic cen- 
timetre of about 0'002 microfarad, at —12 C.; E corre- 
sponds with a capacity per cubic centimetre of about 0°1185 
microfarad, at +5° C.; at this apparent temperature the capa- 
city was increasing so rapidly as to make exact measurements 
very difficult, although the temperature was increasing but 
slowly. The point F corresponds with a specific resistance 
per cubic centimetre of about 2240 megohms, at —12°4 C.; 
and K with a resistance per cubic centimetre of about 0'34 
megohm, at ＋11˙02 C. As in our previous experiments, the 
water employed in the water-condenser was distilled, and the 
ice was formed by freezing it with an external freezing-mixture 
no particle of which was allowed to fall into the distilled 
water. 

The important theory which Prof. Clerk Maxwell has deve- 
loped, by comparing the propagation of electro-magnetic dis- 
turbances through the ether with the propagation of light-vi- 
brations, has been illustrated only by paraffin (a non- conductor); 
and he has not considered the propagation of electro-magnetic 
disturbances in a conducting medium. But according to a 
former paper of ours, on the “ Viscosity of Dielectrics,” no 
dielectric can be assumed to be non-conducting, and the 
charging of any condenser whatever is always accompanied 
with absorption phenomena; also absorption certainly increases 
with conductivity. 

Hence although, if a method of experimenting were employed 
in which a water-condenser of great internal resistance were 
discharged through wires of less and less resistance for shorter 
and shorter periods of time, the measured specific inductive 
capacity might get less and less, and gradually approach a 
value equal to the square of the index of refraction of water 
for infinitely long luminous waves (the index of refraction for 
air being called unity), still practically the measured specific 
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inductive capacity can never be even approximately equal to 
the refractive index of water, since the absorbed charge is 
immeasurably greater than the surface-charge. We therefore 
need not expect to find the specific inductive capacity of water 
in its variations with temperature consistent with Dr. Glad- 
stone’s results for index of refraction. When Prof. Clerk 
Maxwell takes into account conductivity, his equations are not 
generally integrable ; but even if they were they could not deal 
with the real case, because he leaves absorption quite out of 
account. 
July 30, 1877. 


XXI. On a Method of measuring the Absolute Thermal Con- 
ductivity of Crystals and other rare Substances.—Part I. By 
OLIVER J. Lopar, D. Sc.“ 


1. WHEN only a small portion of a substance is obtainable 
on which to experiment, the measure of conductivity by any 
dia-calorimetric method becomes difficult; and accordingly 
observers have contented themselves, in the case of the rarer 
crystalline bodies, with comparing their conductivities in 
different directions by Sénarmont’s or some similar method. 
If the substance is sufficiently plentiful to be obtained in slabs 
(like rocks), then some modification of Fourier's “ thermo- 
mètre de contact“ will give its conductivity, though there 
are many objections to the use of this instrument. 

But there is another method of Fourier’s, applicable only to long 
rods, put in practice by Biot, Despretz, Forbes, and recently by 
Wiedemann and Franz (commonly known as Forbes's method), 
which it seems possible to modify so as to make it applicable 
to short rods or even slicesf. This well-known method consists 

* Read January 19, 1878. 

t The method occurred to me when thinking how best to measure the 
conductivity of tourmaline in opposite directions along the axis, a subject 
which I was considering in conjunction with Mr. S. P. Thompson of 
Bristol ; for we had reason to think that tourmaline and all other pyro- 
electric crystals must necessarily possess a unilateral conductivity along 
their axis both for heat and electricity; and this supposition has been 


partially confirmed, in the case of heat, by some preliminary experiments 
of Mr. Thompson's last summer on a very small crystal. No further con- 
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in observing the permanent curve of temperature along a cy- 
lindrical rod of the given material, one end of which is heated 
and the rest exposed to the atmosphere. Let s be the area of 
cross section (which need not be circular) and P the perimeter 
of the rod, the latter being defined as the length of a string 
wrapped once round the rod if the actual perimeter is any re- 
entrant curve. The condition to be expressed is that the total 
gain of heat of any element of the rod by its anterior, posterior, 
and exterior surfaces is equal to nothing. Taking ¢ as the 
excess of temperature over that of the air of an element in a 
position x along the rod, we have the quantity of heat 

dt entering at its anterior or hotter surface in unit 


—* dz time, 


dt dt : 
+ks 45 Jats at its posterior surface, 


— Pht dx at the surface exposed to the air; 


k being the conductivity of the rod, and A4 the radiation-coeffi- 
cient of its surface, i. e. the quantity of heat lost in unit time 
by unit surface when it is one degree hotter than the air. 
Putting the sum of these quantities equal to zero, we bave 
dt P/ 


de ok t= pol say, 


an equation whose complete integral is 
t= Cer + Cre”, 
or, as I shall prefer to write it, 
t= A cosh pæ — B sinh pz. 


The constants A and B are determined in terms of p as soon 
as one knows the temperatures of any two points of the rod ; 
and the temperature of a third point will determine p, whence, 
if A be separately found, k is known. Thus, suppose we know 
to the temperature of the origin, and ¢, the temperature of a 


firmation or modification of the experiment, however, has yet been pos- 
sible, owing to the scarcity of the crystal and the difficulty of obtaining 
a large slice; but this difficulty has now been removed by the kindnesa 
of Professor Nevil Story Maskelyne. 
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point at a distance æ from it, and also t; the temperature half- 
way between these points ; then 

A=ty 

B=t, coth pz — t, cosech pz, 


1 t +t 
— — —1 0 7, 
p= F cosh EN 


2. Now suppose the rod to be cut in half and a slice of 
crystal or any substance interposed : the curve of temperature 
will have a diseontinuity at the junctions; but if the curve along 
each rod is observed, it may be possible to calculate it for the 
crystal. The method which I propose, then, is to cut a cylin- 
drical piece of the substance to be examined, of length z, with 
flat faces, and to squeeze it between two copper or iron rods 
(or any other metal whose conductivity is well known) of 
exactly the same cross section as itself both in shape and size, 
putting a pad of a few thicknesses of tinfoil between the sur- 
faces, so as to make better contact, and then to observe the 
curve of temperature down each rod when one end of one is 
heated and the further end of the other is cooled, the whole 
having been left long enough to attain a permanent state. 


Conduction through a cylinder inserted between a pair of metal 
rods. 


3. Let the cylinder be of length z, 
and conductivity x, 
and let its surface have the radiation-coefficient &. 
Let the packing on each side be of thickness y, 
and conductivity «, 
and let it be so thin that radiation from its edge is negligible. 


Also let us take the atmospheric temperature as an artificial 
zero; so that by“ temperature“ we shall always mean excess 
of temperature above that of the air. 
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And let T and © be the temperatures of metal and cylinder 
on each side of first packing (see fig. 1), 
T and @/ ditto on each side of second packing. 
Then the quantity of heat which leaves the first rod traverses 
the first packing and enters the cylinder, which is expressed 
analytically thus (k being the conductivity of the metal), 
dT ©-T dð 
k de — “y Xr — — > œ (1) 
and similarly for the quantity which crosses the second packing, 
d T-O dO’ 
— = e — 2 —.— 2 
i is Yy X e 
four equations from which the unknown quantities, 7 O, and 
©’ can be eliminated, and y be found. 
Now the curve of temperature down the cylinder is, from 


981 
, ”  @=@ cosh ge - (O coth 2 - O cosech gz) sinh gr, . (3) 
where Ph! 
2 KX e ° * ° e œ . . ° ©. æ >œ (4) 


= =g (O“ cosech 92 - O coth gz) 


hence 


and 


= =g (8’ coth 92 - & cosech bz). 


TE A these values in equations (1) and (2) and elimi- 
nating, we get from the first and second of each set 
da r dl w 15 d ; 
984 * +0 7 bu ai ae = 7, TT); 
also from the 5 a third of ode on 


= 
O = — 75 (4 cosech gz— ~> z coth gz), 


i k dT’ 
a xq \ de 
Therefore, combining all these, 


EY 


der * (TT) 


coth 92 — n, cosech gz). 


XT sinh 92 
ja sinh qz 
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Hence x is determined in terms of 9, which itself contains it 
together with the radiation-coefficient A’ (which must be sup- 
posed known). We may write the last equation thus, by (4), 
dT“ Y (daT\? 
sinh 92 _ sk 45 a A 6 
q P/ dT FF 


1 as 


which shows that this method is not satisfactory for determi- 
ning g when the product gz is very small. 

4. Now there are three special cases, depending on the value 
of K :— 

(1) When the crystal has its natural surface, and the value 
of h’ is determined by special experiment on its rate of cooling. 
In this case the above equation remains as written, and may 
be treated, as gz will generally be less than unity, by expand- 
ing the left-hand member, 


. 2 9 . 
14 B + 5 ＋ . . . , 


and then solving for g by successive approximations. 

(2) When the crystal and rods are covered over with a coat 
of varnish (as Brunswick black), so that A is the same for all. 
In this case the coefficient of the right-hand member becomes 


simply 55 but the treatment required is the same as in the first 


case. 

(3) When the crystal is surrounded with cotton-wool or felt, 
or in some other way has its exterior surface made adiabatic, 
so that h’=0. In this case the left-hand member of the above 
equation equals z, and the right-hand becomes indeterminate, 
so that a fresh investigation 1s necessary. 


Case when radiation from the exterior surface of the cylinder 
ws prevented, 
5. Heat will now flow through the cylinder as through part 


eee i 7 — 
of an infinite wall, and 4 becomes simply elle hence the 


two sets of equations (1) and (2) are now all equal to one 


Proc. Phys. Sec. Vol. . Pl. III. 


Fig 1 


Ice us an Electrolyte. 


Youtern Bres nth 


PROCEEDINGS 


Or 


THE PHYSICAL SOCIETY 


OF LONDON. 


— 2 L 09888 RR 


JANUARY 1878. 


XIX. Ona Form of Daniell Cell convenient as a Standard of 
Electromotive Force. By OLIVER J. Lover, D. Sc.“ 
[Plate IV.] 


ALTHOUGH a volt is tho formal unit of electromotive force, 
yet it happens in practice that differences of potential get 
stated as equal to so many Daniell cells more frequently 
than any thing else, showing that there is some decided 
convenience in this mode of statement, a convenience partly 
owing, no doubt, to the fact that a freshly set-up Daniell is a 
tolerably uniform and easily reproduced standard. An ordi- 
nary Daniell, however, is by no means suitable as a standard, 
because of the diffusion of the copper-liquid through the porous 
cell. This defect must obtain in any cell where two liquids 
separated by a porous partition are employed; and hence 
attempts have been made to construct standard cells with solid 
electrolytes, or with mercury instead of copper salts, as in the 
little cell devised by Mr. Latimer Clark, which, though not 
absolutely constant, is still, I suppose, the best for its special 
purpose. But all cells with solid electrolytes are extremely 
inconstant, in the sense that they suffer greatly from short- 
circuiting and take some time to recover themselves; and 
there are some other inconveniences attending the use of a 
large number of Clark’s cells. 

* One of the cells was exhibited at a meeting of the Society in 
February 1877. 

VOL, II. Q 
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another, and they reduce to 


% - e . 
de y =X; y ` 


But as these are only three equations between four unknown 
quantities, some further observation is necessary before we can 
determine y. We may either omit the crystal altogether, or, 
what is probably better, replace it by a piece of the same metal 
as the rods are made of, and repeat the temperature-determi- 
nations, the packing béing kept exactly the same as before. 
- Denoting the temperatures in this case bv small letters, the 
equations will now be 


koe ae (1) = (), 3 „ C8) 


2 


where 2’ is the thickness of the bit of metal. By these three 
equations æ is determined; and its value may then be substi- 


tuted in the former set. 
Eliminating & and @’ from the former set (7), we have 
ck | Qyk\dT _,,, 
(her -T;. .. (99) 


similarly from (8) we get 
Zk | Qyk\ dt 
4 


whence, getting rid of y we have 


mrt e E w « I0) 
so x is determined by the two observations. 

6. Although this method requires two experiments while 
the other (§ 3) required only one, yet it will probably be more 
useful than the other, as it is applicable to very thin slices of 
crystals—in fact the thinner the better,—whereas the other one 
applies more to substances in the form of a short rod ; for it fails 
when 2 becomes very small. This failure of the § 3 method is 
due to the fact that it depends entirely on radiation going on 
from the cylinder at the same intrinsic rate as from the rods, 


—— — — — ——— — — — — 
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and on some appreciable quantity of heat being lost in this 
way during its passage through the cylinder; hence of course 
a certain length of the cylinder is essential. 


Observation of the Curves of Temperature. 


7. We have seen (§ 1) that, to determine the curves of tem- 
perature, it is necessary to know the actual temperature of two, 
or perhaps one should rather say three, points on each rod. 
Each rod then should have three holes bored to receive the 
bulb of a thermometer, one near each end, ata distance / from 
one another, and another in the middle halfway between the 
other two. Let the temperatures which. these thermometers 
indicate above that of the air at the time be denoted by T,, Ty, 
ITI, Ts, Tg, Ta, their position being shown in the figure. 

Fig. 2. 


Denote the distances thus :— 
0a=1,=563, 
la=l,=b2, 
0 121 223 1-11 
then measuring & from 0 for the first rod, we have as the curve 
of temperature down it, by § 1, 
t= A cosh pr — B sinh pz ; 


that is, 
t=T, cosh pr—(T, coth pl— T; cosech pl) sinh pæ ; . (11) 
similarly down the second rod, reckoning æ from b, the curve is 
t = A’ cosh pe— B’ sinh pz, > 

where 


j sinh pl (12) 
and 
B= T; cosh pl, Ts cosh pl 


sinh pl — 
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We can now at once express the values of the “ known quanti- 
ties” which occur in equations (1) and (2), and in the right- 
hand members of equations (5) and (6), viz. 


, aT IT, 
T T qe? and = 
Thus 
T= Ti sinh pl,—T, sinh ph, ' 
sinh iol 
aT _ 7.0 II cosh v To cosh ph 
dx (dv , sinh pl . (13) 
= A2 T,sinh pl, —T; sinh ph, 
sinh pl 
dY (daN _ „Iz cosh pl, —T, cosh ply 
dz 4) e sinh pl 


The symmetry of these expressions is visible in tho following, 
where for shortness sh, is written instead of sinh pl, ch, for 
cosh pl,, and so on :— 


T: aT 12 shy sh, cho chi „ sh, sh, i 
l T, T, T, T, aa ch, ch, | 


pdx 
8. We can now write down the value of the right-hand 
member of equation (5) thus, 


(14) 


80 ~ (ie) 
dx _P p {(T; ch, — T,ch,)’—(T, chy To chi)? f. 
pet +T a? = PIII. — T Tz) sinh pl 
dx de 
so (6) becomes 
sinh qz Z 
| [—(T,—T;) cosh pl, 
h {(To+T (T,+ Ta) cosh pl, —(T, + Ta) cosh e {(T,- Js) — 
I — (J. T. TT, sinh pl Ato 


which is a form convenient for calculation. 

9. So also for the second method ($ 5), we can write down 
the value of the quantities occurring in the right hand of (10) 
T’—T (II- T.) sinh pl, —(T,—T;) sinh ph. 

aT — p(T, cosh pl, —T, cosh ) „ ke) 


* 


, 


Al 
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and similarly for the small ¢’s, of which a set % fi, ts, fs have 
been observed. In this case there is no loss of heat in passing 
through the crystal; so we ought to have 

dT dT’ 

de da’ 
which gives the condition 


71 + T; z cosh ph r 7 l 

To +T;  coshpl,? Dh N 
and unless this condition is satisfied there is some error in the 
experiment, and it is useless to proceed. 

I have to express my thanks to my brother, Mr. Alfred 
Lodge, of St. John’s College, Oxford, for several suggestions 
in the writing out of the above and for some improvements in 
the notation. 

In the second part of this communication some practical 
details will be given, together with the results of some trials 
of the method now going to be made. 


University College, London. 


XXII. On Permanent Plateau’s Films. 
By SiLVANUS P. THOMSON, B. Sc. B.A.” 


1. THe film- figures, which occupy so large a part of the 
researches of Plateauf upon the Molecular Statics of Liquids, 
when prepared with the glyceric fluid prescribed by their 
discoverer, are of extreme fragility and of short duration. 
With such a liquid films have been made which lasted ten, 
twelve, or even sixteen hours in the air, and from fifteen to 
thirty hours when protected by an external vessel of glass. In 
one instance}, where chloride of calcium had been added to 
the liquid, a duration exceeding fifty-four hours was observed. 
The average duration of the films, especially if they are to be 
exhibited to a number of persons, is more brief. 

No method hitherto described of producing these films in a 


Read December 15, 1877. 

t Statique erpérimentale et théorique des liquides soumis aux seules forces 
moléculaires. Par J. Plateau. Gand et Leipzic: 1873 

t Plateau, op. cit. vol. i. p. 175, § 106. 
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more durable or permanent form has been quite satisfactory, 
though there have been several attempts. Of these the writer 
was not aware when he began the present investigation, though 
most of them are mentioned in the later chapters of Plateau’s 
work already named. A brief enumeration of these attempts 
will therefore preface a description of the process now an- 
nounced for rendering the films permanent. 

2. M. Plateau has himself endeavoured“ to fix the film- 
figures by dipping the wire frames into solutions which eva- 
porate, leaving films of greater or less tenacity. He was - 
unsuccessful with collodion and with albumen. A solution of 
gutta-percha in bisulphide of carbon gave better results. The 
system of films upon a cubical frame of 2 centims. side was 
preserved for several months, but eventually fell to powder. 
The same substance refused to form a film upon a frame of 3 
centims. side. Glass, which in the single instance of the 
spherical film or bulb is so familiar, presents too many diffi- 
culties to be applicable for the production of the film-figures. 

Schwartz f succeeded with much ingenuity in obtaining the 
anticlastic film-surface upon a skew quadrilateral frame whose 
sides were 3:5 centims. long, with gelatine. 

Prof. Macht imitated the system of films developed upon a 
_tetrahedral frame with thin laminæ of caoutchouc covering 
the sides, and drawn together when the air was exhausted 
from within. 

Better results have been yielded by viscous liquids which 
solidify at temperatures moderately low. 

M. Rottier, of Ghent, has obtained films of considerable 
dimensions with a mixture, suggested by Böttger in 1838 for 
blowing bubbles, consisting of 8 parts of resin (colophony) with 
1 of linseed oil, and fusing at 97°. But the films were always 
found after a few hours to have broken by contraction. 

Mach§ has obtained films upon a tetrahedral frame of 5 cen- 
tims. side dipped in fused resin. He has also obtained films 


Plateau, op. cit. vol. ii. p. 119, § 311. 

t Ibid. vol. i. p. 233, § 141. 

Die Gestalten der Flussigkeiten, Prag.: 1872. See also Plateau, cp. 
cit. vol. ii. p. 874, § 210 bis. 

§ Wiener akademischer Anzeiger, 1862, vol. xlvi. 2nd part, p. 125, 
“Ueber die Molecularwirkung der Flussigkeiten.“ 
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from solutions of alkaline silicates which hardened on exposure 
to the air. 

M. Plateau“ has found a mixture of 5 parts of resin with 1 
part of gutta-percha superior to resin alone. A system of 
films upon a cubical frame of 5 centims. side, prepared by M. 
Donny, was preserved for two years, but ultimately fell into 
fragments. 

3. The author’s first experiments were made with pure 
amber-coloured resin fused. The resulting films were brittle 
‘and of irregular thickness. When 10 per cent. of turpentine 
was added, the liquid was too mobile at high temperatures to 
form films, and at low temperatures too stiff to form them re- 
gularly. 

A mixture of pure resin with Canada balsam was tried, 
with good results; and a series of experiments followed, to 
ascertain the best proportions. When the mixture contained 
a less proportion of balsam than 35 per cent. the films were 
too brittle, and irregular in form. If it contained more than 
70 per cent. of balsam the films did not readily harden, and 
were not formed without difficulty. A mixture of 55 per cent. 
of resin with 45 of balsam, which fused about 85°, gave good 
films, tough on cooling, but somewhat brittle. The mixture 
yielding the most satisfactory results contained 46 per cent. of 
resin and 54 of balsam. This mixture is sufficiently fused at 
80° to be workable, but yields the best films at 93° to 95°. 
At 105° films can be obtained; and they are thinner than those 
formed from the more viscid fluid at 95°, At 110° films are 
still obtainable; and they frequently exhibit chromatic pheno- 
mena, but usually burst before hardening. 

[The specimens exhibited to the Society are made with this 
mixture. They include a cubical frame of 2:5 centims. side, 
and a tetrahedral frame of 31 centims. side. Larger specimens 
have been obtained, however, though they generally show 
some imperfection of form. I have had a flat circular frame 
of 11 centims. diameter covered with a film of beautiful trans- 
parency. Brass wire appears better than iron for the frames.] 

The films made with the mixture described are remarkably 
tough, and if preserved from rough handling appear to be of 


* Op. cit. vol. ii. p. 119, § 314. 
VOL Il. R 
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indefinite durability. A number of frames holding films have 
been hanging for over two months unprotected upon the wall 
of the laboratory of the writer, and are still intact. Brass 
wire of 0°33 millim. in diameter has been employed for the 
construction of the frames. When a thicker wire is used, the 
films become irregular from the longer retention of heat by 
the wire, and the consequent earlier cooling of the central 
portions of the films. 

As with the soap-films, so with those of resinous matter, 
success depends largely upon the purity of material employed? 
Dust and oily matters must be scrupulously excluded ; and 
the resin should be retained at a temperature near its boiling- 
point for some time, to purify it of more volatile matter, before 
the balsam is mixed with it. 

The most perfect films are obtained when the wire frames, 
after being dipped in the liquid, are removed to an air-bath 
at the temperature of about 80°, in which they are left, and 
the whole is allowed slowly to cool. 

In proof of the toughness of the films, it may be mentioned 
that a recent flat film upon a circular frame of 4 centim. dia- 
meter of iron wire of 0'9 millim. gauge sustained, without 
breaking, the pressure of a cylindrical fifty-gramme weight, of 
24 millims. diameter, placed upon its centre. 


XXIII. On Grove’s Gas-Battery. 
By HENRY Foster MorLEY, M.A., B. Sc.“ 


Ir appears to me that the question as to the mode of action 
of the well-known gas-battery has not yet been definitely 
settled. 

1. The discoverer says, The chemical or catalytic action 
can only be supposed to take place, with ordinary platina- foil, 
*t the line or water-mark where the liquid, gas, and platina 
meet’’f. Nevertheless he showed that water containing oxygen 
in one tube and hydrogen gas in the other tube gave a conti- 


Read March 16, 1878. 
t Phil. Mag. December 1842. See also Phil. Trans. 1843, p. 107. 
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nuous current“. As regards exp. 29 in the last-quoted excel- 
lent paper (viz. the experiment in which, hydrogen being in 
one tube and nitrogen in the other and no oxygen being dis- 
solved in the liquid, hydrogen was found to appear in the 
nitrogen tube), as Mr. Grove does not say that there is a cur- 
rent, and as the presence of a current would contradict the 
conservation of energy, I am inclined to think that the effect 
is due to diffusion, and that it would occur whether the plati- 
nums were joined or not. 

2. Mr. Justice Grove says that the phenomenon does not take 
place when the nitrogen is absent and its place filled by the 
liquid ; and this is just what we should expect if the effect is 
due to diffusion. Mr. Grove thought it just possible that the 
hydrogen decomposed the water in its tube, combining with 
the oxygen, and that an equal amount of hydrogen was libe- 
rated in the other tube. Since the total amount of water is 
not changed, it is clear that such a decomposition could not be 
accompanied by a current. 

3. Nevertheless Dr. Schönbein said that pure water con- 
taining no oxygen in one tube and an aqueous solution of hy- 
drogen in the other gave a continuous currentf. M. Gaugain 
makes the same assertion, but adds that he deprived his water 
of air by boilingt. To boil water and then let it stand in the 
air is evidently not enough to deprive it of oxygen; hence 
these anomalous results may be due to the water not having 
been absolutely free from oxygen. Such a current, as before 
‘stated, would contradict conservation of energy: indeed it has 
been shown by Mr. Grove that water absolutely free from 
oxygen in one tube and hydrogen gas in the other tube pro- 
duces no current §. 

4. In one experiment Mr. Grove arranged his platinum 
plates, which I believe were platinized, in such a way as just 
to cut the surface of the liquid in the tubes: he got a strong 
current until the liquid rose above the platinum, when it be- 
came very weak. M. Gaugain says, and, I think, rightly, that 
this is due to the greater thickness of liquid through which the 


* Phil. Trans. 1843, exp. 28 &c. 
t Phil. Mag. March 1843. 
Comptes Rendus, February 25, 1867; Phil. Mag. June 1867. 
§ Phil. Trans, 1843, exp. 7 and elsewhere. 
R 2 
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gas must now pass in order to get at the platinum—when the 
platinum is partly exposed the film along the line of junction 
being extremely thin. 

5. M. Gaugain made a cell in which the platinum plates 
were movable, and determined, by the method of opposition, 
the electromotive force when the plates were partly exposed; he 
then lowered them until they were wholly immersed, and de- 
termined the electromotive force immediately. In this experi- 
ment the current was only allowed to flow for a few seconds. 
He found that the two determinations were the same, and 
concluded that the action of the battery depends entirely upon 
dissolved gas. It is, however, open to any one to assert that 
the platinums, when lowered, retained minute bubbles of gas 
on their surface, and that thus there were still many points of 
contact of liquid, gas, and platinum. 

6. M. Gaugain, following Dr. Schönbein, asserts that“ the 
oxygen serves simply to depolarize the positive wire,“ and 
“that its function is that of sulphate of copper in Daniell's 
cell! —in other words, that, were it not for the opposition 
current developed by the freshly-deposited hydrogen, the cur- 
rent could be kept up indefinitely without the presence of 
oxygen. As I have before stated, I cannot conceive this state 
of things. 


J. In order to show that some, at all events, of the current 
in the gas-battery is due to dissolved gases, I made the follow- 
ing experiments in the laboratory of Professor Carey Foster:— 
A gas-couple with wholly submerged non-platinized platinum 
plates was charged by electrolysis and short-circuited for a 
week, after which the lengths of the columns of oxygen and 
hydrogen were read off by means of a telescope on different 
days, the couple being all the while short-circuited. A similar 
couple, from which the platinum plates were removed after it 
had been charged, was similarly treated. 

The barometer-reading was, of course, corrected for expan- 
sion, for the column of liquid below the gas, and for aqueous 
tension, the slight effect of sulphuric acid on the aqueous ten- 
sion being neglected. A correction was applied for the curved 
ends of the tubes, and the corrected lengths reduced to 0° C. 
760 millims. 
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The result in millimetres for the couple without platinum 
plates was:— 


Nov. 13. Dec. 11. Jan. 9. 
Hydrogen 76˙3 76˙4 76˙3 
Oxygen 49˙9 49 ˙7 49-7 


Practically the volume of the gas in these tubes was not 
altered by diffusion. 
For the tubes which contained the platinum plates the lengths 
were:— - ä 
Nov. 13. Nov. 20. Dec. 11. Jan 9. 


Hydrogen 56˙5 56˙6 55˙5 55°0 
5 calculated 56°6 56˙4 55°75 5479 
Oxygen sisi 34°4 34˙2 34˙2 


The second line is calculated from the first by least squares, 
on the assumption of a uniform decrease of hydrogen. The 
greatest error is } millim. ; and 1˙7 millim. has disappeared. 
The oxygen seenis to have been supplied by the air. 

II. On December 11 I joined the plates through a galvano- 
meter of 6917 ohms resistance. The connexion through the 
galvanometer was made without previously breaking the cir- 
cuit ; yet a current was instantly shown ; after 19 hours the 
deflection was 204 divisions. By comparison with a Daniell’s 
cell whose electromotive force I assumed to be 1'1, I found that 
a deflection of 1 division indicated a current of 00000000056 
electromagnetic unit. 

If we assume that the current in the short circuit is the 
same as that passing through the galvanometer, an assumption 
which later experiments show to be not far from the truth, we 
shall find that 8 cubic millims. of hydrogen per week would 
be required to keep up this current. Now 32 cubic millims. 
have actually disappeared per week. The difference may be 
partly due to the inaccuracy of the assumption just made, and 
partly to the fact that some of the hydrogen combines with 
oxygen that has found its way from the air into the hydrogen- 
tube, the local currents thus produced not contributing to the 
main current. 

III. An experiment similar to I., in which, however, the 
gases were prepared chemically, and in which there was alsoa 
gas-couple whose plates were not joined: by a wire. The len gths 
of gas, in millimetres, corrected as before, were:— 
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For the couple with joined plates— 


Volume lost, in 
May 8. Oct. 4. Loss. cubic centims. 


Hydrogen... . 146°1 136:0 10:1 2°87 
Oxygen 64˙8 62°7 2˙1 60 


For the couple with unjoined plates 


Volume lost, in 
May 8. Oct. 4. Loss. cubic centims. 


Hydrogen 63°9 59°3 4°6 90 

Oxygen 64˙1 61˙3 2˙8 4⁴ 
For the couple with no plates 

Hydrogen 920 86°9 5˙1 1°30 

Oxygen 90:0 85:4 4'6 74 


In this case a good deal of gas seems to have been lost by dif- 
fusion. 

The ratio of hydrogen lost to oxygen lost in the three cases 
is 4'8, 2°1, and 1°8 respectively. If we assume that 1°8 is the 
ratio of the gases lost through diffusion, and that-the loss of 
oxygen in the first two cases is due solely to this cause, we 
shall find that 1:79 and ‘11 cubic centim. of hydrogen respec- 
tively still remain to be accounted for in the two cases. I 
attribute this loss to local currents in the second case, and 
partly to these but chiefly to the main current in the first 
case, most of the necessary oxygen being supplied by the air 
to the liquid. 

IV. If the hydrogen in a gas-couple with submerged plates 
be warmed by the hand, the current is increased ; and if it be 
cooled the current is diminished: indeed it is very sensitive 
to changes of temperature, and of pressure also ; and hence it 
is hardly possible to determine its strength with much accu- 
racy. The further any horizontal layer of liquid in the hy- 
drogen-tube is from the gas, the less hydrogen does it contain. 
Any expansion of the gas from heat or decrease of pressure 
brings a more saturated solution into contact with the immersed 
plate and the current increases, whereas contraction produces 
the opposite effect. 

V. When a cell has been recently charged by eidi 
the current is at first very strong; but it soon falls off, and at 
last remains of nearly constant strength. This is because the 
water was at first saturated with the gas, but this gas being 
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used up by the current takes some time to be restored by so- 
lution at the surface, and when equilibrium is attained the 
liquid round the plate will contain less dissolved gas the further 
it is from the surface. M. Gaugain attributed the falling-off 
in the strength of the current to the deposition of hydrogen 
on the positive plate; there is no need, however, for any such 
supposition. I employed a battery in which the plates were 
wholly immersed; and the final current varied with the depth 
of the top of the plate in the hydrogen-tube from the surface, 
and with the resistance in circuit, as the following Table 
shows :— 


” | c R. . | O calo. 
63 25 240,000 6,000 25 
63 39 11,600 450 40 
63 42 1,600 67 41 
8 203 10,200 2,070 204 
73 217 200 4 219 
10:5 201 10,200 2,050 196 
T 81 244.500 19,800 81 
0 277 10,200 2,800 224 
10 91 234,500 21300 89 


n is the distance between top of plate in hydrogen- tube and 
surface of liquid in that tube, in millimetres; n=0 means 
that the plate cuts the surface and rises about 1 millim. above 
it: the plate in the oxygen tube was always at the same dis- 
tance from the surface and was wholly immersed. C is the 
final strength of current, usually several hours after introdu- 
cing resistance, given in deflections of the galvanometer, each 
of which is about 00000073 weber. R is the resistance in 
CR 
1000 

In the first place, it seems that the increase of current con- 
sequent on causing the platinum to cut the surface is too 
slight to oblige us to assume that a new force is thereby 
brought into action ; in other words, the whole of the current 
in the gas-battery is due to dissolved gas. 

I tried to express the relation between n, C, and E in a for- 
mula obtained theoretically. In this I had but little success ; 
but perhaps I may venture briefly to indicate the results:— 


ohms; and E is 
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Let abscisss represent depth 
below surface; ordinates quan- 


tity of hydrogen in solution at 

any level, supposed uniform. EN 
Imagine a tube of uniform bore > 55 5 
open to air at D and to hy- 

drogen at A. Suppose BC a uniform platinum rod, or rather 
an indefinite number of infinitely near equal platinum plates. 
Consider them to form equal branches of a divided circuit, and 
suppose the strength of current the same in each. 

Suppose the number of molecules of hydrogen ejected from 
‘any layer in a given time to be proportional to the total num- 
ber in that layer. Let u, be the quantity of hydrogen in a 
layer at distance æ from A; then, when equilibrium is attained, 
A?us_, is proportional to the number of molecules destroyed 
in that layer in a given time; hence it is O between A and B 
and between C and D, but it is constant between B and C; 
or the curve representing quantity of hydrogen is straight, 
except between B and C, where it is conic. I assumed that 
there is no discontinuity, and that the electromotive force is 
proportional to the mean quantity of hydrogen in any layer 
between B and C, or, what is the same thing, to the total 
quantity between those limits, and that the current is propor- 
tional to the total quantity destroyed per second. Hence I 
deduced the formula 

(1+na)C=b—(c+nd)E; 
where a, b, c, d are constants depending on the lengths BC, 
CD, on the rate of escape of gas at D &c. The layer A was 
assumed to be always saturated. In the actual experiment the 
shape of the plates was by no means regular ; and even had they 
been quite regular, the assumption that the whole of each ho- 
rizontal layer is a uniform solution is far from the truth. So 
I wrote the formula in a little more general form, 
(Ina) CS ne- (end) E. 

If in this we put a = 0006, b=244°5, e= —3:2, c= 00725, 
d= — 0000715, we get the last column (called “ C calc.“) given 
above. We should expect the last two results to be higher than 
the calculated values, since no allowance has been made for 
the capillary film rising round the emerging platinum. How- 
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ever, the formula evidently cannot hold for depths much greater 
than 63, and it would become necessary to introduce terms 
varying as n? &e. 

VI. From the above Table it is clear that the electromotive 
force is not constant, as in ordinary voltaic cells, but rises with 
the resistance. The same thing happens with ordinary gas- 
couples with platinized platinum. In one case, changing the 
external resistance from 46 to 10,000 only lowered the current 
from 423 to 157; in another case, changing resistance from 
10,000 to 190,000 lowered the current from 690 to 140. 

When the resistance is suddenly increased the strength of 
current suddenly falls, but it rises, at first quickly and after-° 
wards more slowly, to near its former value. For when the 
resistance is increased the current falls by Ohm’s law ; but it 
now uses up less gas, so that the gas accumulates in the liquid, 
and by so doing raises the electromotive force, and therefore 
the current ; and this continues until equilibrium is attained. 

So when the resistance in circuit is diminished the current 
rises suddenly, but afterwards falls to near its former value. 
For the current rises by Ohm’s law; but the increased cur- 
rent uses up more gas, and so impoverishes the liquid sur- 
rounding the platinum, thereby diminishing the electromotive 
force, and the current falls. 

These observations seem fatal to the hypothesis that the 
action occurs at the junction of liquid, gas, and platinum ; 
for the gas at that point remains of constant density, whatever 
the resistance in circuit may be. 

VII. As an example of these views, an ordinary gas element 
with platinized plates was joined through a resistance of about 
10 ohms, including a gulvanometer. After about 14 hour the 
galvanometer was deflected 195 divisions ; and after 19 hours 
the deflection was 189. The gas-element was now slanted at 
an angle of 40°, the plates forming inclined planes; the cur- 
rent rose sadali. and after 2} hours the deflection was 235, 
after 234 hours it was 221. The element was now rotated 90°, 
so that the plates were vertical, but their long diameter was 
still inclined at 40° to the horizon; the current rose instantly 
to 265, and after 41 hours the defection was 262. 

When the plates form inclined planes the line of junction 
between liquid, gas, and platinum is not altered ; but the whole 
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surface of the liquid is increased, and the submerged plate is 
brought nearer to it; hence the current is increased. In the 
last position an increased line of junction is added, and the cur- 
rent is still greater. 

VIII. The current produced by the ordinary gas elements 
which I used was always greater when the tubes contained 
but little gas than when they were full of gas, the ratio being, 
in three cases, 14, 7, and 18. This is because the greater the 
distance between the surface of the liquid in the tubes and the 
air the purer will the solution of gas near that surface be. 
Perhaps also the greater length of the plate may enable it to 

“ catch gas that would otherwise escape: the internal resistance 
between the most active parts, those near the surface, would 
be rather increased than diminished. 

However, the cells are not at all regular in their action; and 
this may be due to irregularities in the deposition of the finely 
divided platinum on the plates. These irregularities do not 
affect VII., since the tendency of the cell on that occasion was 
to become gradually weaker. 

IX. M. Gaugain found that the electromotive force of pla- 
tinum-wire electrodes partly exposed to the gas was not altered 
by submerging them. I have said why this does not appear 
to me conclusive (5). But J inverted the experiment: ignited 
wires were put several centimetres below the surface of the 
gases; the electromotive force was 102. They were then 
raised so as to be only just submerged; the force was 134. 
They were then thrust up into the gases, and the force was 136. 
A key connecting the wires through a galvanometer was 
pressed down until the needle had got to the end of its first 
swing ; when the needle had come to rest the operation was 
repeated ; and the mean of the two swings is the number given 
above. The result agrees with M. Gaugain’s experiment. 

X. On another occasion I measured the electromotive force 
of wholly submerged wires in a gas-couple by connecting them 
to a condenser, and afterwards discharging the condenser 
through a galvanometer. The electromotive force of thick 
and thin platinum wires was the same; but this was 15 times 
that of a wire of gold. Probably in the gas-couple, as else- 
where, platinum exerts some specific attraction on hydrogen. 

XI. M. Gaugain considers the falling-off in the strength of 
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a gas-couple after short-circuiting to be due to the deposition 
of hydrogen on the positive wire, which hydrogen is produced 
by the decomposition of water by hydrogen ; and he says that 
when the electromotive force of a couple fell from 152 to 30, 
_ that of the hydrogen-wire fell 26, while an antagonistic force 
of 96 was developed by the wire in oxygen*. From other 
experiments of M. Gaugain, I infer that the potential of each 
wire was compared with that of a third wire plunged in the 
liquid between the two tubes of the couple. He does not di- 
stinctly say that the positive wire of the couple actually became 
negative to the third wire, though this may perhaps be inferred 


a 


from the expression “antagonistic.” I consider the loss of 


potential to be due to the liquid near the wires becoming im- 
poverished of gas; and even should the oxygen-wire become 
negative to the third wire, it may only show that the liquid in 
its neighbourhood contains less oxygen than that surrounding 
the third wire. But since a little hydrogen must have found 
its way into the oxygen-tube, this has a much better chance 
of becoming attached to the platinum when there is little 
oxygen near to use it up (that is, when a current is passing) 
than when the circuit has been broken and the wire is sur- 
rounded by a strong solution of oxygen. Using a gas-couple 
with wholly submerged platinum wires, and comparing these 
with a third wire in the liquid between the tubes by means of 
a condenser periodically discharged through a galvanometer, 
I found in two different cases, a and ö, just before short- 


circuiting :— a. b. 
Hydrogen-wire 108 74 
Oxygen- wire 12 17 
120 91 

and in the same soon after breaking the circuit:— 
a. b. 
Hydrogen-wire 41 12 
Oxygen-wire 0 12 
41 24 


In one case the oxygen-wire gave a negative deflection of 
about 1. 
Comptes Rendus, 1867. 
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I found that when J ignited a platinum wire in a Bunsen’s 
flame it acquired a positive potential of about 20, as if it had 
absorbed oxygen. In §§ IX., X., and XI. the cell was com- 
posed of a couple of test-tubes inverted in a beaker of acid, 
and the wires were introduced by pushing them through a 
couple of narrow U-tubes, the shorter arms of which were 
inside the test-tubes. This arrangement made it very easy to 
change the wires. 

XII. The maximum polarization of a voltameter is scarcely, 
if at all, altered by diminution of pressure (Crova); and the 
same seems to hold for increased pressure. So also is the 
electromotive force of a freshly charged gas-couple—being, in 
fact, little less than that maximum polarization. I connected 
the terminals of a gas-couple with a condenser which could be 
discharged through a galvanometer ; I then developed gas by 
electrolysis for a few minutes, during which time the difference 
of potential between the wires, which I will call E, was 189, 
the pressure being 77 centims. of mercury ; the battery was 
then cut out, and as soon as most of the bubbles, except those 
sticking to the wires, had risen, I found K=60. The wires 
were now short-circuited until E= 34, when the pressure was 
increased to 145 centims., after which the battery was put on and 
E=191; then the battery was cut out as before, and E=62; 
then the wires were short-circuited till E=37; then the 
pressure was reduced to 22 centims.; then the battery was 
put on, and E=200; after cutting out the battery, E= 60. 
The initial electromotive force of the element is not affected 
by the length of time the battery is in circuit. 

The difference of potential between the terminals of the bat- 
tery was about 260, but was slowly rising during the experi- 
ment. When hydrogen is liberated from the surface of the 
wire, the platinum attracts as much of it as it can: this 
quantity seems not to vary with the pressure; I do not 
know why it should so vary; and it determines the maximum 
polarization. The slight increase of the polarization with 
pressure may perhaps be attributed to changes in the density 
of the oxygen. 

XIII. A gas-couple charged with chemically prepared oxy gen 
and hydrogen was short-circuited through a galvanometer of 123 
ohms resistance, and subjected to various pressures, the top of 
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the wire in hydrogen being 5°7 centims. below the surface of the 
liquid in its tube, and that of the wire in oxygen being 5'4 
centims. below the surface. At a pressure of 76 centims., 
deflection 15. At a pressure of 144 centims. the deflection 
gradually rose in 7 hours from 12 to 26. The hydrogen-wire 
being 2°1, and the oxygen wire 1°9 centim. below the surface, 


at a pressure of 76 the current is 38, 
„5 j 40 „ „ 20 after 6 hours, 
” ” 16 S a 74 after 5 hours. 


Now pressure divided by current for the last three cases 
gives 2, 2, 2:2 respectively; or the current is directly as the 
pressure. In the last case 7} seems to be somewhat too low ; 
but this may be attributed to bubbles of oxygen, which under 
the low pressure were given off in the hydrogen tube. For 
the first two cases, pressure divided by current gives 5'1 and 
5:5 respectively. It is possible that at the end of the second 
experiment the current was very slowly rising: the further the 
wires are from the gas, the longer, of course, does it take for 
equilibrium to be attained. 

In this experiment the gases were introduced by stopcocks 
into the upper parts of the branches of a U-tube, the platinum 
wires were sealed into the lower parts of those branches, and 
the bend of the tube had a tail by which the pressure was ap- 
plied; so thatthe gases were introduced without coming into 
contact with the wires. The same instrument, being at hand, 
was used in § XII., where itis called a voltameter. 

If the action of the gas-couple depends entirely on solution, 
it is natural that the current should be proportional to the so- 
lubility of the hydrogen—that is, to the pressure. But if 
there is really any antagonistic force kept up by hydrogen 
attached to the positive wire, we should expect that this force 
would not be altered by pressure, and so the whole current 
could not be proportional to the pressure. I suppose that when, 
by increased pressure, the electromotive force becomes equal 
to the maximum polarization, further increase of pressure would 
not alter the current. 

The Physical Laboratory, 


University College, London, 
December 1877. 
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XXIV. On some Physical Points connected with the Telephone. 
By WILLIAM Henry Preece, Vice-President of the Society 
of Telegraph Engineers, Memb. Inst. C. E., &c.* 

Tux introduction of the speaking telephone, by Alexander 
Graham Bell, has supplied physicists with an instrument 
of research as well as with an instrument of practical utility. 
It is an apparatus which, for the examination of certain kinds 
of currents of electricity, is the most delicate that has yet been 
invented. Indeed it has rendered evident the presence of cur- 
rents whose existence, though suspected, have hitherto eluded 
the grasp of the electrician ; in fact its very delicacy has proved 
the greatest obstacle to its general adoption. 


I. The Telephone as a Source of Electricity. 

Faraday showed that, when a closed conductor is moved 
across the lines of force in a magnetic field, a current of elec- 
tricity is generated within that conductor whose strength is 
dependent upon the velocity of motion of the conductor and 
upon the intensity of the magnetic field. It is, in fact, pro- 
portional to the number of lines of force cut through per unit 
of time. And also, when lines of force are projected through 
a closed conductor, a current of electricity is generated in that 
conductor, whose strength depends upon the magnetic intensity 
of those lines of force, or upon their number per unit area. 
The direction of the current in each case is found by Lenz’s 
law, viz. that the current produced tends to resist the motion 
producing it. The new principle that has been developed by 
Professor Graham Bell is that the form and duration of that 
current is dependent upon the rate and duration of the motion 
of the moving body or of those lines of force. 

Let NS, fig. 1, be a perma- Fpi 
nent magnet, and ab a fixed, x 
closed, conducting ring of cop- 
per around one pole of that 
magnet. Let cbe a movablo 
iron armature. Now, if we 
regard any two lines of force 1 
radiating from the pole N, and 
nearly cutting the ring ab,then, 
as we make c approach or recede 

* Read January 19, 1878. 
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from N, those lines of magnetic forcewill change their direction, 
taking up position 2; and with each change of direction they 
will cut the ring a ö, and currents of electricity in different 
directions will circulate through a b according to the direction 
of motion of the lines of force ; and the rate of increase and 
decrease of magnetic intensity (or of the increment and decre- 
ment of the current) will vary directly with the rate of motion 
of the armature c to or from the pole N. Thus, if c be a disk 
of iron vibrating under the influence of sound, the excursions 
to and froof any point of the disk, though very small (in fact 
they are so small that they can scarcely be detected by the 
most delicate means—so small that they have led Graham Bell 
to imagine that the vibrations are molecular), are nevertheless 
sufficient to produce that motion of the lines of force which 
results in currents. It is, however, a fundamental principle 
in acoustics, that wherever there is sound there is always vi- 
bration. Sound and vibration are concomitant and inseparable 
phenomena. The air cannot produce sound unless it is thrown 
into vibration; and the air itself cannot be thrown into vibra- 
tion unless the mass of matter in contact with it vibrates also. 
The amplitudes of vibration of the particles of the air themselves 
have never been measured, though the length of a sound-wave 
{a very different quantity) is accurately known. Lord Rayleigh 
has shown that an amplitude of only ao 5oy; Of a centimetre 
is sufficient to produce sonorous vibrations. But though the 
amplitude of the vibrations be so small they are rapid. Now 
this rate of motion is sufficient to bend in the same ratio the 
lines of force cutting ab, and thereby to produce currents of 
electricity in the ring ab whose number depends on the num- 
ber of vibrations, and whose form and intensity depend on the 
rate and amplitude of motion of the disk c. These currents 
are alternate, and so rapid that no known instrument but the 
telephone indicates them; but they are readily shown by a 
Thomson’s reflecting galvanometer when the disk is gently and 
slowly pressed in by the finger,—in one direction when the 
disk is pressed in, in the other direction when the disk is allowed 
to fly back. 

I have failed hitherto to make even an approximate mea- 
surement of their minuteness. We have no known standard 
to compare them with: we can only trust to the ear; and that 
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gas must now pass in order to get at the platinum—when the 
platinum is partly exposed the film along the line of junction 
being extremely thin. | 

5. M. Gaugain made a cell in which the platinum plates 
were movable, and determined, by the method of opposition, 
the electromotive force when the plates were partly exposed; he 
then lowered them until they were wholly immersed, and de- 
termined the electromotive force immediately. In this experi- 
ment the current was only allowed to flow for a few seconds. 
He found that the two determinations were the same, and 
concluded that the action of the battery depends entirely upon 
dissolved gas. It is, however, open to any one to assert that 
the platinums, when lowered, retained minute bubbles of gas 
on their surface, and that thus there were still many points of 
contact of liquid, gas, and platinum. 

6. M. Gaugain, following Dr. Schönbein, asserts that“ the 
oxygen serves simply to depolarize the positive wire,“ and 
“that its function is that of sulphate of copper in Daniell's 
cell’’—in other words, that, were it not for the opposition 
current developed by the freshly-deposited hydrogen, the cur- 
rent could be kept up indefinitely without the presence of 
oxygen. As I have before stated, I cannot conceive this state 
of things. 


I. In order to show that some, at all events, of the current 
in the gas-battery is due to dissolved gases, I made the follow- 
ing experiments in the laboratory of Professor Carey Foster:— 
A gas-couple with wholly submerged non-platinized platinum 
plates was charged by electrolysis and short-circuited for a 
week, after which the lengths of the columns of oxygen and 
hydrogen were read off by means of a telescope on different 
days, the couple being all the while short-circuited. A similar 
couple, from which the platinum plates were removed afier it 
had been charged, was similarly treated. 

The barometer-reading was, of course, corrected for expan- 
sion, for the column of liquid below the gas, and for aqueous 
tension, the slight effect of sulphuric acid on the aqueous ten- 
sion being neglected. A correction was applied for the curved 
ends of the tubes, and the corrected lengths reduced to 0° C. 
760 millims. 
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The result in millimetres for the couple without platinum 
plates was:— 


Nov. 18. Dec. 11. Jan. 9. 
Hydrogen 76˙3 76˙4 76˙3 
Oxygen 49˙9 49 ·7 49-7 


Practically the volume of the gas in these tubes was not 
altered by diffusion. 
For the tubes which contained the platinum plates the lengths 
were:— - 
Nov. 13. Nov. 20. Dec. 11. Jan 9. 


Hydrogen 56˙5 56˙6 55˙5 55˙0 
‘3 calculated 566 56˙4 55˙75 5479 
Oxygen TE 34˙4 34˙2 34˙2 


The second line is calculated from the first by least squares, 
on the assumption of a uniform decrease of hydrogen. The 
greatest error is 4 millim. ; and 1'7 millim. has disappeared. 
The oxygen seems to have been supplied by the air. 

II. On December 11 I joined the plates through a galvano- 
meter of 6917 ohms resistance. The connexion through the 
galvanometer was made without previously breaking the cir- 
cuit; yet a current was instantly shown; after 19 hours the 
deflection was 20} divisions. By comparison with a Daniell’s 
cell whose electromotive force I assumed to be 1°1, I found that 
a deflection of 1 division indicated a current of 00000000056 
electromagnetic unit. 

If we assume that the current in the short circuit is the 
same as that passing through the galvanometer, an assumption 
which later experiments show to be not far from the truth, we 
shall find that 8 cubic millims. of hydrogen per week would 
be required to keep up this current. Now 32 cubic millims. 
have actually disappeared per week. The difference may be 
partly due to the inaccuracy of the assumption just made, and 
partly to the fact that some of the hydrogen combines with 
oxygen that has found its way from the air into the hydrogen- 
tube, the local currents thus produced not contributing to the 
main current. 

III. An experiment similar to I., in which, however, the 
gases were prepared chemically, and in which there was also a 
gas-couple whose plates were not joined: by a wire. The len gths 
of gas, in millimetres, corrected as before, were:— 


s- 
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For the couple with joined plates 


-Volume lost, i 
May 8. G ' ATARE 
Hydrogen ...... 146°1 136:0 10˙1 2˙87 
Oxygen * 648 62°7 2˙1 60 


For the couple with unjoined plates l 
May 8. Oet. 4. Loss, Volumelost, in 


cubic centims. 
Hydrogen 63°9 59:3 4°6 ' 
Oxygen 64˙1 61˙3 2˙8 44 
For the couple with no plates 
Hydrogen 92˙0 86°9 5˙1 1°30 
Oxygen 90˙0 85˙4 4˙6 74 


In this case a good deal of gas seems to have been lost by dif- 
fusion. 

The ratio of hydrogen lost to oxygen lost in the three cases 
is 4°8, 2'1, and 1°8 respectively. If we assume that 1°8 is the 
ratio of the gases lost through diffusion, and that-the loss of 
oxygen in the first two cases is due solely to this cause, we 
shall find that 1:79 and °11 cubic centim. of hydrogen respec- 
tively still remain to be accounted for in the two cases. I 
attribute this loss to local currents in the second case, and 
partly to these but chiefly to the main current in the first 
case, most of the necessary oxygen being supplied by the air 
to the liquid. 

IV. If the hydrogen in a gas-couple with submerged plates 
be warmed by the hand, the current is increased ; and if it be 
cooled the current is diminished: indeed it is very sensitive 
to changes of temperature, and of pressure also ; and hence it 
is hardly possible to determine its strength with much accu- 
racy. The further any horizontal layer of liquid in the hy- 
drogen-tube is from the gas, the less hydrogen does it contain. 
Any expansion of the gas from heat or decrease of pressure 
brings a more saturated solution into contact with the immersed 
plate and the current increases, whereas contraction produces 
the opposite effect. 

V. When a cell has been recently charged by e 
the current is at first very strong; but it soon falls off, and at 
last remains of nearly constant strength. This is because the 
water was at first saturated with the gas, but this gas being 
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used up by the current takes some time to be restored by so- 
lution at the surface, and when equilibrium is attained the 
liquid round the plate will contain less dissolved gas the further 
it is from the surface. M. Gaugain attributed the falling-off 
in the strength of the current to the deposition of hydrogen 
on the positive plate; there is no need, however, for any such 
supposition. I employed a battery in which the plates were 
wholly immersed; and the final current varied with the depth 
of the top of the plate in the hydrogen-tube from the surface, 
and with the resistance in circuit, as the following Table 
shows: — 


| c R. U. | O calo. 
| 63 25 240,000 6,000 25 
63 39 11,600 450 40 
63 42 1,600 67 41 
8 203 10,200 2,070 204 
73 217 200 4 219 
10:5 201 10,200 2.050 196 
11 81 244.500 19,800 81 
0 277 10,200 2,800 224 
| 0 91 234,500 21.300 89 


n is the distance between top of plate in hydrogen- tube and 
surface of liquid in that tube, in millimetres; n=0 means 
that the plate cuts the surface and rises about 1 millim. above 
it: the plate in the oxygen tube was always at the same dis- 
.tance from the surface and was wholly immersed. C is the 
final strength of current, usually several hours after introdu- 
eing resistance, given in deflections of the galvanometer, each 
of which is about 00000073 weber. R is the resistance in 
CR 
1000 

In the first place, it seems that the increase of current con- 
sequent on causing the platinum to cut the surface is too 
slight to oblige us to assume that a new force is thereby 
brought into action ; in other words, the whole of the current 
in the gas-battery is due to dissolved gas. 

I tried to express the relation between n, C, and E in a for- 
mula obtained theoretically. In this I had but little success; 
but perhaps I may venture briefly to indicate the results: 


ohms; and E is 
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instrument is not only deceptive but variable. They are cer- 
tainly less than =). of an ordinary working current. 
Mr. R. S. Brough, of the Indian Government Telegraph De- 
partment, has calculated that the strongest current with which a 
telephone is at any moment worked does notexceed;,.55) can4 
of the C. G. S. unit, or weber; and Professor Pierce, of Boston, 
found that similar effects are produced with an electromotive 
force of less than -apr of a volt or Daniell’s cell. Thus we 
have a source of electricity competent to produce currents of 
microscopic strength, which vary in form, duration, and inten- 
sity with the motion of the body producing them. 


II. The Telephone as a Detector. Fig. 2. 

Let n e, fig. 2, be a core of soft iron surrounded a’ 
by a closed conductor a’ Ù’, through which currents 
flow. Now this core will become magnetized with 
an intensity dependent solely upon the intensity © 
of the current; and the intensity of magnetism at 
any moment will be a function of the intensity 
of the current at that moment; so that if the 6 
current increase and decrease with a given ratio 
and at a given rate, the intensity of magnetism will increase 
and decrease with the same ratio and at the same rate. 
The disk “ is elastic, but it is rigidly fixed at its axis; 
it being of iron, it is attracted at any moment with a force 
dependent upon the intensity of the magnetism of the core 
n s, and being elastic, it recovers, or tends to recover, 
its normal position whenever this intensity of magnetism 
ceases or diminishes, Thus, if the magnetic intensity varies, 
the force of attraction varies, and the rate of motion of 
the disk varies in the same way. Hence the disk will record 
exactly the variations of the currents; and as the currents 
are the result of the variations of the vibrations of another 
disk, the one disk c“ simply repeats exactly the vibrations 
of the other disk: thus sounds are reproduced. 

Though in the earlier instruments the coil surrounded a 
pole-piece of soft iron, this pole-piece has since been discarded, 
and the coil surrounds the pole of the magnet itself. The 
efficacy of the instrument has been in no way impaired by this 
change; and it has the additional advantage of being perfectiy 
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reversible, the same instrument being used for speaking and 
for hearing. 


III. Working the Telephone. 


There is a remarkable difference in the power of different 
voices to work the telephone. Shouting is of no use. The 
intonation must be clear and the articulation distinct, and the 
style of conversation approach more the sing-song. I have 
heard Mr. Willmot, one of the electricians of the Post Office, 
through resistances that have drowned all other voices. The 
vowel sounds always come out the best; the palatal sounds 
c, 9, J, k and q, the worst; in fact, the latter sounds are fre- 
quently lost. The ear also requires a certain education; and 
the power of hearing varies surprisingly with the different 
ears and with different people. Singing always comes through 
with remarkable distinctness; and the sounds of a wind- instru- 
ment— the cornet or the bugle—are reproduced with startling 
force. A bugle sounded in London was heard distinctly over 
the large Corn Exchange of Basingstoke by a thousand people. 
This arises from the regularity as well as increased amplitude 
of the sonorous vibrations, and consequently from the regu- 
larity, uniformity, and increased strength of the currents of 
electricity. 


IV. Improvements. 


Every one who has the means at his disposal has been en- 
deavouring to increase the power of this instrument. I should 
he sorry to enumerate the number of experiments I have 
tried, but all with vexatious, disappointing, and dispiriting 
failure. i 

One of the earliest efforts was made by Mr. Willmot, who 
hoped by increasing the number of diaphragms, coils, and 
magnets gcted upon simultaneously, and joining up all those 
coils in series, to obtain a resultant effect that would magnify 
the out-going currents; but the result showed that, while the 
apparatus acted all right, the effect of displacement of each 
diaphragm decreased with their number, and the ultimate 
effect was the samo as with one diaphragm. Mr. Willmot’s 
instrument, which was made early in October last, is on the 
table; M. Trouvé, in, Paris, seems to have been working on 
the same idea. 
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instrument is not only deceptive but variable. They are cer- 
tainly less than >} __ of an ordinary working current. 
Mr. R. 8. Brough, of the Indian Government Telegraph De- 
partment, has calculated that the strongest current with which a 
telephone is at any moment worked does not exceed ;--, 1 
of the C. G. S. unit, or weber; and Professor Pierce, of Boston, 
found that similar effects are produced with an electromotive 
force of less than 290006 of a volt or Daniell’s cell. Thus we 
have a source of electricity competent to produce currents of 
microscopic strength, which vary in form, duration, and inten- 


sity with the motion of the body producing them. 


II. The Telephone as a Detector. Fig. 2. 


Let n 5, fig. 2, be a core of soft iron surrounded al 
by a closed conductor a/b’, through which currents 
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any moment will be a function of the intensity 
of the current at that moment; so that if the 6 | 
current increase and decrease with a given ratio 
and at a given rate, the intensity of magnetism will increase 
and decrease with the same ratio and at the same rate. 
The disk “ is elastic, but it is rigidly fixed at its axis; 
it being of iron, it is attracted at any moment with a force 
dependent upon the intensity of the magnetism of the core 
n s, and being elastic, it recovers, or tends to recover, 
its normal position whenever this intensity of magnetism 
ceases or diminishes. Thus, if the magnetic intensity varies, 
the force of attraction varies, and the rate of motion of 
the disk varies in the same way. Hence the disk will record 
exactly the variations of the currents; and as the currents 
are the result of the variations of the vibrations of another 
disk, the one disk c“ simply repeats exactly the vibrations 
of the other disk: thus sounds are reproduced. 

Though in the earlier instruments the coil surrounded a 
pole-piece of soft iron, this pole-piece has since been discarded, 
and the coil surrounds the pole of the magnet itself. The 
efficacy of the instrument has been in no way impaired by this 
change; and it has the additional advantage of being perfectly 
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reversible, the same instrument being used for speaking and 
for hearing. 


III. Working the Telephone. 


There is a remarkable difference in the power of different 
voices to work the telephone. Shouting is of no use. The 
intonation must be clear and the articulation distinct, and the 
style of conversation approach more the sing-song. I have 
heard Mr. Willmot, one of the electricians of the Post Office, 
through resistances that have drowned all other voices. The 
vowel sounds always come out the best; the palatal sounds 
c, 9, , k and q, the worst; in fact, the latter sounds are fre- 
quently lost. The ear also requires a certain education; and 
the power of hearing varies surprisingly with the different 
ears and with different people. Singing always comes through 
with remarkable distinctness; and the sounds of a wind- instru- 
ment— the cornet or the bugle—are reproduced with startling 
force. A bugle sounded in London was heard distinctly over 
the large Corn Exchange of Basingstoke by a thousand people. 
This arises from the regularity as well as increased amplitude 
of the sonorous vibrations, and consequently from the regu- 
larity, uniformity, and increased strength of the currents of 
electricity. 

IV. Improvements. 


Every one who has the means at his disposal has been en- 
deavouring to increase the power of this instrument. I should 
he sorry to enumerate the number of experiments I have 
tried, but all with vexatious, disappointing, and dispiriting 
failure. 

One of the earliest efforts was made by Mr. Willmot, who 
hoped by increasing the number of diaphragms, coils, and 
magnets acted upon simultaneously, and joining up all those 
coils in series, to obtain a resultant effect that would magnify 
the out-going currents; but the result showed that, while the 
apparatus acted all right, the effect of displacement of each 
diaphragm decreased with their number, and the ultimate 
effect was the same as with one diaphragm. Mr. Willmot’s 
instrument, which was made early in October last, is on the 
table; M. Trouvé, in. Paris, seems to have been working on 
the same idea. 
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Increasing or varying the size, form, and strength of the 
magnet has produced little or no apparent improvement; for 
the resultant effect in all cases remained apparently the 
same. 

The greatest effect is produced with a compound horseshoe 
magnet, which is indeed one of the earliest forms brought out 
by Mr. Bell. Here we have two coils, utilizing the maximum 
number of lines of force ; and the effects produced are certainly 
the finest I have yet experienced. At Southampton, on the 
14th inst., in a small office, Mr. Willmot’s voice (he was in 
London) was heard distinctly by the seven or eight persons 
who were in the room at the time. Though I have made one 
with the largest and most powerful magnet I could obtain, the 
result has been as disappointing as in the previous cases. The 
telephone has certainly been brought to this country by Mr. 
Bell in almost its perfect theoretical form ; he is still labouring 
to improve it; and I am sure we all wish him success. 


V. Applications. 

However small and however sudden the currents may be, 
the telephone records them with great accuracy ; no known 
form of galvanometer or galvanoscope will do so. 

It is admirably adapted for showing the currents of induc- 
tion set up in contiguous coils or contiguous spirals. If re- 
versals or intermittent currents be sent through one spiral 
while the other be gradually removed away, the rapidly dimi- 
nishing effect of increased distance is very evident ; indeed 
all the phenomena of magneto-electric induction are strikingly 
shown by its means. It is also admirably adapted as a detector 
in the bridge of a Wheatstone’s balance to test short lengths of 
wire, and it will probably enable us to obtain a closer approxi- 
mation to equality than we have yet secured ; it also enables 
us to adjust condensers with great accuracy. 

M. Niaudet, of Paris, has shown how it can be utilized to 
detect the presence of extremely feeble currents from doubtful 
sources of electricity. If currents from the supposed source 
be rapidly sent through one wire of a double-wound coil, and 
a telephone be fixed on the other running parallel to it, then 
the telephone would give evidence of their presence, which 
would be indiscernible on any other instrument. 
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It is admirably adapted also for testing leaky insulators 
and supports. 
VI. Inferences and Results. 

The telephone explodes the notion that iron takes time to 
magnetize and time to demagnetize. If time were occupied 
in magnetizing, notes would be changed or lost ; but they are 
not altered. The notion of time is due to the action of in- 
duction in coils producing reaction and extra currents. This 
is proved by the insertion of an electro-magnet or of coils of 
wire in a telephonic circuit. While it is possible to speak 
through a cable 100 miles long laid out straight in the sea, 
it is impossible to speak through 20 miles when coiled ina 
tank. 

Its delicacy has detected the presence of currents in wires 
contiguous to wires conveying currents, which have always 
been suspected, but have been evident only on wires running 
side by side for several miles (say two hundred) on poles or 
in well insulated cables. In fact, the most delicate apparatus 
has hitherto failed to detect the presence of these currents by 
induction in short underground wires ; but the telephone re- 
sponds to these currents when the wires run parallel for only 
a few feet. Thus, between one floor and another floor, at the 
General Post Office, it has been impossible to converse by 
means of the telephone through a wire, owing to the presence 
of these currents of induction from the innumerable working 
wires contiguous to it, and through some of the underground 
pipes of the streets of London sounds are inaudible when the 
wires are working. In fact, two small-sized gutta-percha 
wires, one foot long, were lashed side by side by Mr. Marson ; 
and when battery currents were sent through one, induction 
currents were distinctly heard on a telephone fixed on the 
other. Indeed this induction between wire and wire, has 
proved the most serious obstacle to the practical introduction 
of the instrument. But it is not altogether irremediable on 
underground wires; it can be surmounted in three ways :— 

1. By increasing the intensity of the transmitted currents 
so as to overpower the currents of induction, and by reducing 
the sensitiveness of the receiving apparatus so as to make the 
instrument insensible to currents of induction though responsive 
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2. By screening the wire from the influence of induction. 

3. By neutralizing the effects of induction. 

1. Mr. Edison in America has partially succeeded in effect- 
ing the first cure; but his results, though promising, have not 
yet reached a practical point. 

2. I have overcome the second difficulty in a way that will 
now be described. 

Let 1, fig. 3, be a wire used for telephonic purposes, and 2 


Fig. 8 


be an ordinary telegraphic wire contiguous to it. Let us re- 
gard 1 and 2 as symmetrical and contiguous particles of the 
two wires. Ifa current flow through 2 it will affect 1 induc- 
tively both statically and magnetically. Let us regard the 
static effect first. Ifthe current flow away from us, then we 
may consider the particle 2 as charged positively ; lines of 
electric force will radiate all around it, and that line which 
passes through 1 will inductively charge that particle negatively. 
This influence being felt all along the wire, a current in the 
reverse direction to that in 2 willflowthrough1. The reverse 
would occur if we assumed the primary current to flow in the 
other direction. Hence, an induced current will flow through 
1, whenever the current in 2 commences and whenever it 
ceases. Now, if we place between 1 and 2 a screen of metal, 
or other conducting matter, in connexion with the earth, then 
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the line of electric force, instead of passing through 1, will 
terminate at the screen. Hence, if we surround the wire 2 
with a covering or sheath of metal, or if we submerge it in 
water, all effects of static induction will cease between 1 and 
2. In water they are not entirely eliminated, for water is a 
very poor conductor; but they are so reduced by its in- 
fluence, as my experiments between Manchester and Liverpool 
and between Dublin and Holyhead have shown, that, if the 
water or wet serving had been a perfect conductor, they would 
have been removed as far as regards static induction. 

But we have to regard magnetic induction as well. Besides 
establishing a field of electric force around 2, acurrent flowing 
through that wire establishes a magnetic field around it, whose 
lines of force are circles, and whose directions are at right 
angles to the lines of electric force. Let us regard that line 
of force cutting 1. Each time a current commences, and 
each time it ceases, in wire 2,a line of magnetic force cuts 
wire 1, and produces in that wire a current of induction in the 
same direction as that produced by static induction. Now, if 
we make the screen of iron, those lines of force terminate in 
the iron and wire 1 is freed. Hence, if we sheath the wire 1 
with iron, it is not only freed from the effects of static induc- 
tion by being surrounded by a conductor in contact with the 
earth, but it is shielded from the effects of magnetic induction 
by its sheath of iron. Hence both effects of induction are 
entirely removed. 

3. They can be neutralized by means of a return wire, using 
this return wire instead of the earth. If 1 and 2, fig. 4, be 

Fig. 4. : 
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two wires running side by side, then the current set up by 
induction from neighbouring wires in one wire is neutralized 
by the currents set up in the other side. 

But this assumes either that the disturbing wires are at an 
infinite distance from 1 and 2, or that 1 and 2 are infinitely 
near each other. All attempts to use return wires on existing 
poles, in cables, or in underground wires have utterly failed to 
do away with inductive disturbance ; but Mr. Bell has had a 
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single gutta-percha wire carrying two conductors made which 
very nearly fulfils the conditions and gives excellent results. 

The extreme delicacy of the instrument has introduced a 
disturbance from another cause, viz. leakage. Wires on poles 
are supported by glass, porcelain, and earthenware insulators ; 
but the best support that was ever devised is but a poor in- 
sulator in wet weather. Currents escape over their surface 
from the wire they support; and these leakage currents find 
their way into telephonic circuits. Hence a telephone circuit 
which may work well in dry fine weather will prove absolutely 
unworkable in wet weather. 

Another source of trouble arises from what are technically 
called “ bad earths.” It is almost impossible to make a perfect 
connexion with the earth. There is always some resistance 
at that point; so that if two wires terminate on the same earth- 
plate, the one being a working circuit and the other a telephone- 
circuit, some currents from the former are sure to pass through 
the latter and disturb the telephone. A return wire perfectly 
cures this evil. 

There are other disturbing elements that are peculiar. 
Earth-currents, which are always present in the wires, produce 
a peculiar crackling noise, similar to that produced by a current 
from a single fluid battery such as a Smee or a Leclanché, not 
unlike the rushing of broken water. This is due to the pola- 
rization of the earth-plate, as the sounds produced by a battery- 
current are due to the polarization of the negative plate. 
When auroras are present these earth-currents become very 
powerful, and the sounds are much intensified. The effects 
of thunderstorms are very peculiar : a flash of lightning, even 
though so distant as to be out of sight, will produce a sound ; 
and if it be near enough to be only sheet lightning, it produces, 
according to Dr. Channing, of Providence, a sound like the 
quenching of a drop of melted metal in water, or the sound of 
a distant rocket. Moreover he says that this sound is heard 
before the flash is seen, proving the existence of some induc- 
tive effect in the air prior to the actual discharge. The tele- 
phone thus becomes an admirable warning of the approach of 
a thunderstorm. 

Sometimes a peculiar wailing sound is heard, which an 
imaginative correspondent of mine likened to “the hungry 
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ery of newly-hatched birds in a nest.“ Iam inclined to think 
that it is due to the swinging of the wires across the magnetic 
lines of force of the earth. It is not difficult to conceive that 
these vibrations may succeed each other in the necessary 
rhythmic order to produce musical tones. 

The wires are never free from sound; and every change of 
temperature or of the electric condition of the atmosphere is 
recorded on this delicate apparatus. 

The expansion of the iron diaphragm under the influence 
of the warm and damp breath when the telephone is first raised 
to the lips preparatory to talk is very marked ; it produces a 
faint rustling shiver. 

Immediately on the introduction of the. instrument, great 
anxiety was felt to learn its performance on submarine cables. 
A telephone was sent to Guernsey, and Mr. Willmot went to 
Dartmouth, those two places being connected by a cable 60 
miles long. Conversation was carried on, the articulation 
being perfect though slightly muffled. This was a surprise; 
for it was felt that the static induction of a cable, by its retard- 
ing influence, would have prevented articulation by lengthening 
the waves of electricity and rolling them up as it were. 
Through the kindness of Messrs. Latimer Clark, Muirhead, 
and Co. I was able to repeat these experiments on an artificial 
Atlantic cable, constructed to duplex the direct United-States 
cable. With Mr. Willmot at one end and myself at the other, - 
there was no difficulty in speaking up to 100 miles, though 
the muffling effect of induction was evident. Beyond this 
distance up to 150 miles muffling commenced to seriously 
impede conversation, and the sounds diminished considerably 
in strength: it was like talking through a thick respirator. 
The effect diminished rapidly up to 200 miles, beyond which 
articulation became impossible, though singing was distinctly 
heard ; indeed singing was heard through the whole length 
of the cable, 3000 miles long ; but this was traced to a secondary 
cause, it being due to the induction of condenser on condenser. 
Nevertheless there is no doubt that singing can be heard 
through a much greater length than speaking, due to the 
greater regularity of the successive waves of electricity. 

I subsequently experimented on the underground wires: be- 
tween Manchester and Liverpool, a distance of about 30 miles; 


234 MR. W. H. PREECE ON SOME PHYSICAL POINTS 


and through this length we had no difficulty whatever in 
speaking. Again, between Dublin and Holyhead, through the 
cable 67 miles long, we spoke with ease, singing coming 
through with remarkable power and effect. This cable con- 
tains 7 distinct conductors. When one wire was used for the 
telephone, the sounds could be heard on every other wire, but 
in a feebler degree. When the other wires were working with 
the ordinary telegraphic apparatus, induction was evident, but 
not sufficiently intense to stop conversation. Each wire would 
be surrounded with a wet serving of hemp; but this was not 
of sufficient conducting-power to entirely screen the effect of 
induction. The same effect was experienced between Man- 
chester and Liverpool, where the wires are made up into 
cables of 7 conductors served outside with tarred hemp. 

The conclusion that I have come to is, that conversation 
might be held through a single wire cable 200 miles long 
with the apparatus that we now have; what new apparatus 
will do no man is rash enough to predict. 

The reason for this surprising result is not difficult to 
explain :— | 

Let the disk d, fig. 5, be impressed forwards by a sonorous 
vibration, it will generate in the coil c a positive current, 


Fig. 5. 
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which, flowing through the line, will pass through the coil ¢’ 
and attract the disk d'. Now the effect of induction is to re- 
tard or prolong the effect of the positive current 1; but the 
motion of the disk d has itself produced a current in the re- 
verse direction to the first current; and this neutralizes the 
prolongation due to induction, and so helps to clear the line 
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for the next signal, which passes through precisely the same 
process ; and hence the vibrations of the second disk tend to 
produce currents which diminish materially the effects of induc- 
tion, and so render possible conversation to distances that far 
exceed anticipation. 

The extreme delicacy of Bell’s apparatus has been shown in 
various ways; for instance :— 


Extract from a letter from T. A. Epison, dated November 
25, 1877. 


- IJ made a pair of telephones that work with copper dia- 
phragms: it is on the revolving-copper-disk principle of 
Arago. 

“ I find that a copper diaphragm may replace the iron in 
Bell’s. Copper must be q in. thick. It is very low with copper 
in both; but if the receiver is one of the regular kind, and the 
transmitter is a copper diaphragm, you can carry on conver- 
sation with ease both ways; but with the pair I have made 
the talking is loud, as I have several dodges on it.“ 

I repeated these experiments ; but the effect was so feeble as 
to be scarcely distinguishable, and, although interesting from 
a scientific point of view, it was of no practical value. 

Mr. James Blyth has independently repeated the experi- 
ment, and has shown that wood, paper, and india-rubber pro- 
duce similar effects. These effects are probably due to the 
fact that diamagnetic bodies have a similar though feebler 
influence, in varying the direction of lines of magnetic force, 
to magnetic bodies. 

Again, J have spoken distinctly and easily with telephones 
without any permanent magnet whatever, the core of the coil 
being of soft iron ; but this effect was probably due to the 
impurity of the iron, residual magnetism remaining in it. Dr. 
Blake, of Boston, has spoken easily when the core was a piece 
of soft iron placed in the direction of the dip. 
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XXV. The Production of Thermoelectric Currents in Wires 
subjected to Mechanical Strain. By G. W. von TUNZEL- 
MANN, Holder of the Clothworkers’ Exhibition in Chemistry 
and Physics at University College, London. 


Tux following inquiry was suggested by some observations 
recorded in a paper of Sir William Thomson’s on the Elec- 
trodynamic Qualities of Metals, in the ‘ Philosophical Tran- 
sactions’ for 1856; and the object in view was to investi- 
gate the conditions under which thermoelectric currents are 
produced in a circuit composed of a single metal when one 
portion of the metallic conductor is subjected to a strain and 
the junctions of the strained and unstrained portions are main- 
tained at different temperatures. 

The experiments were made upon wires of iron, steel, and 
copper, the copper wire employed having been obtained from 
Messrs. Johnson, Matthey & Co. as chemically pure. 

Two tin cans were obtained open at the top, and pierced at 
the bottom by necks into which india-rubber corks were in- 
serted ; and through slits in these the wires were passed. The 
wire was fastened by a clamp in the lower can, and was grasped 
in the upper one by a pair of wire-drawing dogs attached to 
the shorter arm of a lever, to the longer arm of which was 
attached the weight by which the strain was produced. In 
the earlier experiments ordinary weights were used; but ulti- 
mately these were rejected, as it was found impossible to apply 
and remove them in a sufficiently gradual manner to pre- 
vent a certain amount of shock, which introduced complica- 
tions. 

In the arrangement finally adopted, there was attached to 
the longer arm of the lever a tin can open at the top, and 
having at the bottom a neck fitted with an india-rubber tube, 
which could be closed by merely bending it up and hitching 
it in a hook attached to the can for that purpose. The strain 
on the wire was then produced as gradually as was desired, by 
poufing in measured quantities of shot ; and it could be removed 
as gradually by letting the shot run out by the india-rubber 
tube. 
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The two cans through which the wire passed were filled with 
water, the water in the upper can being kept at the temperature 
of 100° C. by means of a gas-burner, while that in the lower 
can could be kept for a considerable time at a uniform tempe- 
rature by allowing a current of water, of the same temperature 
as the place of experiment, to circulate through it. 

The extremities of the experimental wire were bent round 
in a large curve and brought close together; they were then 
tied to the extremities of two covered copper wires connected, 
through a four-way key, with a Thomson’s galvanometer 
having a resistance of between one and twoohms. The junc- 
tions were then placed side by side separated by thin paper, 
and wrapped up in cotton-wool, as was done by Thomson in 
his experiments, to prevent the production of currents by the 
unequal heating of the two junctions. 

Before being used the wires were annealed :—the iron and 
steel wires by being heated to redness in an iron tube, through 
which a current of coal-gas was passing to prevent oxidation; 
the copper wire by being slowly passed through a Bunsen 
flame, as it was found that the exposure of the copper at a red 
heat to the current of coal-gas produced an effect similar to 
that known as over-poling in the process of refining copper, 
the wire being rendered so brittle as to break with the least. 
strain. 

Thomson found in his experiments that when a weight was 
applied so as to produce a state of strain in a portion of the 
wire, and the two junctions of strained and unstrained por- 
tions were kept at different temperatures, in iron and steel 
wire a current was produced the direction of which was from 
the unstrained to the strained portion across the hot junction, 
while in copper wire the current was in the opposite direction. 
When the weight was removed the result was in either case 
a weaker current in the reverse direction. 

Some experiments of the same nature have also been made 
by M. le Roux, and described in the Annales de Chimie et de 
Physique, 4th series, vol. x. p. 201 (1867). He obtained 
results of the same nature as Thomson—with the notable 
difference that in iron and steel wires he got a current from 
strained to unstrained across the hot junction, while in copper 
wire the current was from unstrained to strained across the 
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hot junction. On comparing the descriptions of the experi- 
ments, it appeared that Thomson had always made his expe- 
riments with comparatively small strains, while Le Roux had 
strained his wires very nearly to the breaking limit. This at 
once suggested a possible explanation of the apparent discre- 
pancy between their results; and on making the experiments, 
it was found that as the strain was gradually increased the 
current was increased, as in Thomson’s experiments, but only 
up to a certain limit. When the strain was increased beyond 
this limit there was a gradual decrease in the current; and if 
the strain was very carefully increased, the direction of the 
current was reversed shortly before the breaking strain was 
reached. 

During the experiments, it was very soon observed that after 
a weight had been added the current did not remain constant, 
but gradually diminished; while at the same time there were 
variations of small period in the strength of the current, which 
were greater when the weight was added suddenly, and scarcely 
perceptible when it was very carefully and slowly added by 
pouring in shot; these variations gradually ceased when the 
apparatus was not disturbed. A very gentle and gradual ad- 
dition of weight diminished these variations, which always died 
away more rapidly when there was a heavy strain on the wire. 
Clutching the wire in the“ dogs also set up these variations, 
which were allowed to subside before beginning the experiment. 
These results suggested that the production of the current 
might be due to a process of change in the molecular state of 
the wire; it was found, however, on examination that there 
was a permanent effect which could not, as far as I can see, 
be produced in that way, whatever may have caused the tem- 
porary effect. 

Where the results obtained at different times had not to be 
compared, the current is generally given in terms of the de- 
flections of the galvanometer; but where such comparison was 
necessary, the value of the deflections was determined at each 
experiment in terms of a standard current obtained by send- 
ing a current from a Daniell’s cell through a definite resist- 
ance. 

For the sake of brevity, U.S. will be written for “ from un- 
strained to strained across the hot junction;” and the oppo- 
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site direction of the current will be denoted by S. U. The 
following letters are used in the description of the experi- 
ments: 


W = tension applied to wire in pounds, = 3 times weight 
actually applied to lever; 

M = number of measures of shot effective in stretching 
wire, = 3 times number actually applied to lever; 

© = temperature of lower can; 

D = mean deflection of galvanometer ; 

C = strength of current in terms of the standard current. 


A considerable number of preliminary experiments were 
made to verify Thomson’s results and to determine the best 
form of apparatus, the arrangement ultimately adopted being 
that already described. These experiments (which are not 
described here) gave a general idea of the phenomena to be 
looked for. The alteration of resistance from strain is not 
taken into consideration, as H. Tomlinson’s experiments, Proc. 
Roy. Soc. 1876 (vol. xxv. p. 451), have shown that it is too 
small to have an appreciable influence upon the results. 

Experiment 1.—An iron wire ‘46 millim. diameter. © = 
16°; W=31'5. The result is given in the accompanying 
Table, the direction of the current being U.S., the first read- 
ing being taken immediately after the weight was applied. 
It will be observed that the current does not reach its full 
strength immediately upon the application of the weight, but 
rises rapidly to a maximum, and then gradually falls to a 
strength at which it remains steady. 


Time 

(minutes). D. 
0 2˙5 

5 6 

10 3 

15 2 

20 2 

25 2 


Experiment 2.—A similar wire. O = 16. The readings 
were taken immediately after the application of the weight. 
The sign * means that there is a deflection, but too small to 
be measured. 
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W. D. Direction. 

6 . * U.S. 

9 . 5 U.S. 
12 . dd U.S. 
15 . 3 U.S. 
18 . * S.U. 
21 wire 


broke. 


It will be observed that the direction of the current changes 
just before the wire breaks. 

Some steel wire was now taken; and as it was found almost 
impossible by the most careful annealing to get a piece of wire 
arranged in the apparatus which should give no deflection 
before the application of the weight, the initial deflection was 
noted in each case. 

Experiment 3.—A steel wire 81 millim. diameter. @=16°. 
Initial deflection = 20 S. U. W =31:5. After the application 
of the weight the deflection reversed its direction to U.S. The 
result is given in the following Table. , 

Time 


(minutes). 


D 

10 

12 

„% as ew. we Le 
D a „15 
18 

10 

9 

9 

5 

3 


The apparatus was then left for about 90 hours with the 
weight attached; © being still 16°, there was now a deflection 
of 15 S. U. The weight was then removed, and the deflection 
fell rapidly and changed to U.S. The subsequent deflections 
were as follows:— 
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Time from removal D. 
of strain (minutes). U.S. 
1 8 2 
2 . 8 
3 . 4 
4 . 6 
5 7 
6 8 
14 . 8 
20 . 10 
25 7 


300 aw 383 

In both cases we observe that the current gradually rises to 
a maximum and then falls. 

Experiment 4.—A steel wire ‘98 millim. diameter. @=15°. 
Initial deflection = 10 S. U. On the addition of a weight of 
42 lbs., the deflection changed rapidly to 14 U.S., and in about 
an hour fell to 8 U. S., and in 40 hours to 3 U.S. 

Experiment 5.—A steel wire 6 millim. diameter. ©=13°. 
Initial deflection = about 1 U.S. W=63 lbs. Direction of 
current after application of weight U.S. The weight was now 
left suspended for about 40 hours; but the apparatus received 
an accidental jar before the permanent deflection could be ascer- 
tained. The weight was then removed, causing a deflection 
of 8 S.U., gradually increasing to 11, and then decreasing 
much more slowly than it had increased. 


Time from removal D 
of strain (minutes). 
by. 1a 3°5 
6. , 4°5 
9 : 3°5 
12 2°5 
15> ss ͤ wt ce OD 
16 . «2 w 38387 
36 * 


The effect of rapidly putting on and taking off the weight 
a number of times in succession was then tried; and it was 
found that each time the weight was put on the deflection 
diminished, while each time that it was taken off the deflection 
was increased up to a certain limit. The immediate increase pro- 
duced by taking off the weight was greater than the immediate 
decrease produced by putting it on; so that on the whole there 
was a large increase in the current, the deflection being got 
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up in this way to nearly 30 S. U., falling again very rapidly 
if the weight were left attached to the wire. Under these cir- 
cumstances the deflection went down rapidly to zero, changed 
sign, rose to a maximum, and then again began to diminish, 
passed through zero in the opposite direction, and so continued 
to perform excursions in alternate directions, and very rapidly 
decreasing in extent. When the weight was permanently 
removed the deflection of the galvanometer died out much 
more slowly, and the changes of sign were only just percep- 
tible. These phenomena confirm the conclusion to which I 
was led by the former experiments, that there is, besides the 
main effect, a transient effect produced by altering the strain 
on the wire; and this transient effect appears to me to be due 
to the molecular state of the wire making a partial return after 
the first shock towards its primary condition, just as the im- 
mediate deflection of a spring suddenly stretched by a weight 
is greater than when it has come to rest in its position of equi- 
librium. The changes of sign in the current as it gradually 
comes to its final state after the wire has been violently dis- 
turbed, as in the last experiment, as also the fact of there being 
a permanent as well as a temporary effect, seem to render this 
hypothesis more probable than that the current is actually 
produced by a change in the molecular state of the wire. 

The phenomena obtained in the last experiment will be ren- 
dered more clear by a diagram. 


ee 
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The intervals between taking off and putting on the weight 
were approximately equal. These are therefore represented 
by equal distances along the axis O T; and the strength of the 
current is set off along the axis OC. Starting from the point 
O, at the beginning of the experiment, with the weight attached 
to the wire as it had been left, then at any time the broken line 

----- represents the permanent change in the current pro- 

duced by taking off or putting on the weight ; 

TOAT represents the temporary change; 
represents the resultant strength of the current, being 

the sum of these two components. 

The curve A represents the change in the current when the 
weight is left permanently attached; and the curve A’ repre- 
sents the change. in the current when the weight is perma- 
nently removed. 

At this stage in the experiments the method of measuring 
the current-strength in terms of a standard current wasadopted. 

The battery used as a standard was a sawdust” Daniell's 
(Menotti’s) cell; and the strength of the current was approxi- 
mately that produced by 1 volt through 10,000,000 ohms, or 
10-* C.G.S. unit. The measurements of the Tables are given 
in millionths of a C.G.S. unit. 

Experiment 6.—A similar steel wire. @=16°. Initial de- 
flection barely perceptible S. U. Weight of 30 lbs. left on 
about 40 hours. 

It was observed that at the time of making the experiment 
the weight was making small oscillations; and this appeared 
to be the cause of the deflections making small oscillations 
about a mean value. At the end of an hour and a half the 
oscillations of the weight and also of the deflection had ceased, 
the latter remaining steady at 5, indicating a current 007 
U.S. The weight was now made to perform vibrations of 
small amplitude, upon which the oscillations of the deflection 
were greatly increased both in number and amplitude, and 
the mean deflection was at the same time somewhat increased. 
If the vibration of the weight be suddenly stopped, it is some 
little time before a decrease is perceived in the oscillations of 
the deflection. 

After setting the weight in gentle vibration, the effect in 
causing oscillations in the deflection was observable in less 

VOL Il. | T 
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than a minute. If the vibrations of the weight are kept up 
for some time, the mean deflection is increased up to a certain 
limit, as before described. If the vibrations of the weight are 
increased in amplitude, the oscillations of the deflection become 
much more irregular, and the limits of variation become 
greater. 

Experiment 7.— A similar wire. @=12. Initial current -0014 
U.S. A weight of 3 lbs. was now attached; and at the end of 
two minutes there was a current ‘0052 S. U., falling at the 
end of an hour and a half to 0034 U.S. The weight was then 
increased by 3 lbs. at a time and the deflections taken immedi- 
ately, with the results given in the accompanying Table:— 


W. C. Direction. 
6... . . 0038 U.S. 
19. . 0019 U.S. 

12... 0014 U.S. 

15 . . . . 0012 U.S. 
1... . . 0012. U.S. 
2111 . . 0012 U.S. 
24 . 0012 US. 
27 . 0010 U.S. 
30 00002 U.S. 
33 So ig, ae S. U. 


In the experiments after this the weights are given in terms 
of measures of shot, each of which weighed about 7480 grains. 

Experiment 8.— A similar wire. 33 measures left on for 
about 40 hours. O = 12. Deflections read immediately after 
removal of weight. Direction of current S. U. There was 
no initial deflection. 


M. C. 

338 . . . 0095 
30 0046 
27 00035 


28 039 
21. . 0049 
18 . . . . 0060 
15. . 0067 
12 . . . 0074 
9... . 70084 
6... 0091 
Bo... . . 0098 
0... . . 0105 
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Experiment 9.—A similar wire. @=12°. No initial deflec- 
tion. Deflections read immediately after application of weight. 


M. C. Direction. 
3. „00025 U.S. 
6... „0025 U.S. 
9 .... . 0021 U.S. 

12... 0014 U.S. 
15... . 0014 U.S. 
18... . . 0014 U.S. 
211 0014 U.S. 
24. 0014 U.S. 
2777 00011 U.S. 
30 . . . 0007 U.S. 
33. 0004 S. U. 
366. 0014 S. U. 


Experiment 10.—A steel wire 47 millim. diameter. @ = 120. 
Initial deflection 4 U.S. On attaching the empty can for 
containing the shot to the end of the lever the deflection in- 
creased to 20 U.S., falling to 14:5. The strain was gradually 
increased by pouring shot into the can until the wire broke. 
The deflection changed very little until the wire began to 
stretch, when the deflection fell very rapidly, passed ae 
zero, and went up to about 40 S. U. 

The more rapid the stretching the stronger is the current 
produced. When the strain was slightly lessened, so as to stop · 
the stretching, the deflection fell very quickly to 20 S. U. On 
removing the strain the deflection fell rapidly, passed through 
zero, and went up to 2 or 3 U.S., making irregular vibra- 
tions. The weight was replaced and additional shot poured 
in very slowly. The deflection almost instantaneously changed 
to about 2 S. U., which increased slightly until the wire 
broke. 

Experiment 11.—A copper wire 24 millim. diameter. 
@=15°. Initial deflection 1 S. U. 
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9 
12 
15 
18 
21 
24 
27 
30 
36 
39 
42 


rr 
Gr on i 
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The direction of the current was S. U. Several small weights 
were added tó the can; but the deflection remained steady at 
1-5. In copper wire, no fall in the .deflection was observed 
when the weight was left suspended for some time. 


The Physical Laboratory, 
University College, London. 


XXVI. On the Influence of Temperature on the Passage of Air 
through Capillary Tubes. By Francis GUrHRIE, LL. B.“ 


In using Marsh’s” apparatus for testing for arsenic, it 
may be noticed that, when heat is applied to the exit-tube 
to decompose the arsenuretted hydrogen, the liquid rises in 
the tube which supplies the sulphuric acid, thus leading to the 
supposition that the passage of the gas through the exit-tube 
is checked by the increase of temperature, thereby producing 
increased pressure. This observation suggested the following 
experiments on the effect of heat on the passage of gases 
through capillary tubes. 

The apparatus used was as follows:—From a vessel, A, 
water drops into a funnel, ö, causing a continued overflow. 


* Communicated to the Physical Society, April 18, 1878. A note of 
the results was communicated to the British Association, 1876. 
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The overflow falls into the concentric funnel B, and escapes by 
the tube C. The middle of the funnel-tube is removable, and 


Fig. 1. 


may be replaced by tubes of any required lengths. The lower 
end of the funnel-tube passes air-tight through the cork of a 
bottle, V, and has hanging from its end a little thimble 
of glass, D. By this means, whatever amount of water has 
entered V, the pressure in V is that due to the difference of 
height of the water in b and D. The air from V is dried by 
two chloride-of-calcium tubes, F and G, and then passes through 
the experimental capillary tube H, which can be heated. 
Thence it passes down the tube I and is collected over water 
in the tube J, which has a marked stricture. The vessel in 
which J stands is always overflowing. 

It was found that the utmost attention was required to keep 
the air perfectly dry. A joint of caoutchouc in water is found 
to be porous to water near its boiling-point, the water probably 
penetrating as a vapour. As the slightest intrusion of water 
would vitiate the experiment, paraffin was used in such cases. 

The first point to be decided on was, whether heating a 
current affected its rate of motion independently of its friction. 
At first sight this seemed not to be impossible ; the expansion 
of the air while its temperature is being raised might, it was 
thought, react on the air behind it and thus check its outflow. 
Experiments, however, showed that this was not the case, and 
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that the effect of heat in checking the current is due solely to 
its influence on gaseous friction. 

It was found that the amount of air passing down a given 
capillary tube varies approximately in the inverse ratio of the 
square of the absolute temperature, and directly ag the differ- 
ence of pressure at the two ends of the tube. 

Neither of these relationships, however, is quite exact; the 
following formula more nearly expresses actual results. Call- 
ing ¢ the time required to fill with air a vessel of given capa- 
city, and T being the absolute temperature reckoned from 
— 273° C., and denoting by p, and p, the pressures at the ends 
of the tube, e 5 

& 
= Ds al Tar) 
where æ is a small fraction depending probably on pi. 

The facts that the time varies approximately as the square 
of the absolute temperature, and is not exactly in inverse pro- 
portion to the difference of pressure, are worthy of notice; and 
their theoretical investigation will throw some light on the 
molecular theory of gases. The fact that the temperature 
affects the time according to the square of the absolute tem- 
perature is consistent with known molecular laws. It has 
been shown that the viscosity of air and its consequent shear- 
ing friction is in proportion to T. And it is obvious from the 
fact that the volume of a given mass of air is directly as its 
absolute temperature, that the time required for the passage of 
a given quantity of air through a given tube at a given pres- 
sure should vary as T’. 

More anomalous are the results that the velocity does not 
exactly follow the simple law that the rates of passage at a 
given temperature are in proportion to the difference of pres- 
sures at the ends, but that the time of passage of a given mass 
of air is shortened by increased pressure in a somewhat greater 
proportion than the increase of pressure. The deviation from 
the law of inverse proportion is only slight, and obviously 
belongs to a term having a small absolute factor. But an in- 
spection of the results will show that its existence is unmis- 
takable. 

To examine the effect of simply raising the temperature, 
the following experiments were made :— 


———— O — — — 5 
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(1) The current was heated in a wide tube before reaching 
the capillary tube, being afterwards cooled again to the tem- 
perature of the outer air. Result:—the time of passage of a 
given mass of air was slightly increased. 

(2) The current was heated after passing the capillary tube. 
Result :— a slight decrease in the time of passage of a given 
volume. The decrease was only such as might be accounted 
for from the fact that the air was not completely cooled again. 

(3) The heating and cooling of the current in the capillary 
tube. Result :—an increase of time apparently proportional 
to the length of the tube heated. 

The following are the experiments :— 

(1) Whole current at atmospheric temperature 22° C. 

(a) t=659” 

(b) t=656" Mean 6575. 
The current was then heated to 100° C. in a wide tube before 
entering the same capillary tube. ; 

(a) t=670” 

(b) ¢t=668” Mean 669”. 
The slight increase of time here indicated was probably due 
to the fact that the air current had not altogether regained its 
normal temperature before reaching the capillary tube. 

(2) Whole current at atmospheric temperature 21° C. 

(a) 157“ 
(b) t 156“ Mean 156% 5. 
The current was then heated to 100° C. in a wide tube after 
passing through the capillary. 
(a) t 153“ 
t=155” Mean 154“ 0. , 

(3) Capillary tube partly immersed in a paraffin-bath at 
200° C. The end cooled to 22° C. 

t=10055”. 
More of the tube being heated, 


(a) 21098“ 
(b) t=1094” Mean 1096”. 


The effect of heating and cooling of the same current in dif- 
ferent tubes in the same circuit was then examined. The 
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same tubes were timed separately and in conjunction at the 
same and at different temperattres. 


Tube. Temperature. Time. 
1 24-5 C 60 
e $ 57 
EN ji 58 
I, in 100 89 
E ea 7 81 
. id 82 

LE danns 24-5 117 
„ 100 173 
1 100 
124743 pr 21 203 
113 100 
3 5 21 228 


These results show that the resistance of the sum is very 
nearly the sum of the resistances, whether all the tubes are at 
the same temperature or some at one temperature and some 
at another. 

In order to ascertain whether the rate of passage followed 
any special law at the beginning or end of the tube, the time 
of the passage of a given mass of air thrust through a given 
tube at a given pressure and temperature was ascertained; 
the tube. was then divided into parts, and the time of the 
passage of the same bulk of air through each part was measured. 


20 O 

Entire tube ...... 372˙5 

Fart! 89 · 5 

„ 117:5 
„ TE totes 63 
. 101 

» 142.. 208:5 
„ O+4 ,....... 165 


From this Table it is seen that, within the limits of experi- 
mental error, the time taken for the passage of a given bulk 
of air through the entire tube is equal to the sum of the times 
taken for the passage of the same amount of air through each 
of its parts. 

A similar experiment with a tube divided into a greater 
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number of parts was then made. The original tube was about 
600 millims. long. 


(a) t=85" 
(b) t=83” Mean 84”. 


The tube was then divided without loss into 21 parts; these 
were connected by caoutchouc and covered with paraffin. 


(a) t=86” 
(b) t=85” Mean 85% 5. 


These experiments show that the terminations of the tubes 
exert no special influence on the passage of the current. 

A conical or trumpet-shaped tube was then examined, the 
arrangement being according to fig. 2. The following were 
the results. 


Fig. 2. 


Po 86 
— — — — — — — 


Wide end towards greatest pressure. 
(a) t=183” 
(L) t=184” Mean 183“ 5. 
Narrow end towards greatest pressure. 
t=184”. 


This shows that the rate is the same both ways. | 

The foregoing experiments having shown that the effect of 
temperature on the rate of a current was to be looked for in 
its influence on fluid-friction, the next thing was to determine 
the relation between temperature and time, other things being 
the same. For this purpose a capillary tube, through which a 
current was passing at a constant pressure, was subjected 
down its entire length to various temperatures—care being 
taken that the air should arrive at the entrance of the capillary 
tube at the temperature of the tube itself, so that the current 
might be of the same temperature throughout the entire length 
of the capillary tube. The times of passing of a given quan- 
tity of air for different temperatures were noted; and some of 
the results are subjoined. 

VOL. II. U 
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| 
t 


I. Pressure 315 millims. of Water. | 


on Absolute . ! 
Centigrade.| temp. T. ix = (7) „ 
C. T. 5 


b. T 


These Tables show— 

(1) That the time varies approximately as the square of the 
absolute temperature. This appears from the approximate 
equality of the numbers in column 5. 

(2) That the variation of the time deviates from the law of 
squares by a term approximately proportional to the tempera- 
ture. This is shown by the average equality of the differences 
in column 6, 

(3) That the formula connecting the time and the tempera- 
ture is very nearly 

t=dT(T+8), 
where B seems to depend on the pressure p, — ps. 

From the above series of experiments, however, the exact 

connexion between 8 and pi - ps is not obvious; possibly it 


may be of the form 5 
er (T+ H) 
i (pi +p) 
The next series of experiments had in view the more exact 
determination of the relation between pi pz and :. 


— 
—_ ae i —— —— 
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To obtain these results, it was necessary to determine the 
effect of capillarity and bubble-tension on the exit of the air 
through the final orifice. 

It was found from experiment that these forces were very 
nearly equivalent to a pressure of 22 millims. The depth of 
the exit-orifice under the surface of the water over which the 
air was collected had, of course, to be allowed for. 

The experiments gave the following results :— 


Temperature 20° C. 


The approach to equality in the amounts in column 3 shows 
that the time varies nearly in the inverse ratio of the difference 
of pressures. The gradual diminution of the number in that 
column visible, on the whole, shows that this law is slightly 
deviated from, and that the time diminishes somewhat more 
rapidly than the reciprocal of the pressure—a conclusion which 
is at variance with the results arrived at by Bunsen for the 
passage of gases through porous plugs. 
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XXVII. On the Physical Action of the Microphone. 
By Professor Huaues.* 

In the paper read on the 9th of May before the Royal 
Society, I gave a general outline of the discoveries I had 
made, the materials used, and the forms of microphone em- 
ployed in demonstrating important points. I have made a 
great number of microphones, each for some special purpose, 
varying in form, mechanical arrangement, and materials. It 
would require too much time to describe even a few of them ; 
and as J am anxious in this paper to confine myself to general 
considerations, I will take it for granted that sume of the forms 
of instrument and the results produced are already known. 

The problem which the microphone solves is this—To in- 
troduce into an electrical circuit an electrical resistance, which 
resistance shall vary in exact accord with sonorous vibrations 
so as to produce an undulatory current of electricity from a 
constant source, whose wave-length, height, and form shall 
be an exact representation of the sonorous waves. In the mi- 
crophone we have an electric conducting material susceptible 
of being influenced by sonorous vibrations; and thus we have 
the first step of the problem. 

The second step is one of the highest importance: it is es- 
sential that the electrical current flowing be thrown into waves 
of determinate form by the sole action of the sonorous vibra- 


* Read June 8, 1878, 
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tions. I resolved this by the discovery that when an electric 
conducting matter in a divided state, either in the form of 
powder, filings, or surfaces, is put under a certain slight pres- 
sure, far less than that which would produce cohesion and 
more than would allow it to be separated by sonorous vibra- 
tions, the following state of things occurs. The molecules 
at these surfaces being in a comparatively free state, although 
electrically joined, do of themselves so arrange their form, 
their number in contact, or their pressure (by increased size 
or orbit of revolution) that the increase and decrease of elec- 
trical resistance of the circuit is altered in a very remarkable 
manner, so much so as to be almost fabulous. 

The problem being solved, it is only necessary to observe 
certain general considerations to produce an endless variety of 
microphones, each having a special range of resistance. 

The tramp of a fly or the cry of an insect requires little range 
but great sensitiveness ; and two surfaces, therefore, of chosen 
materials under a very slight pressure, such as the mere weight 
of a small superposed conductor, suffice ; but it would be un- 
suitable for a man’s voice, as the vibrations would be too 
powerful, and would, in fact, go so far beyond the legitimate 
range that interruptions of contact amounting to the well- 
known “ make and break ” would be produced. 

A man’s voice requires four surfaces of pine charcoal, as is 
described in my paper to the Royal Society, six of willow 
charcoal, eight of boxwood, and ten of gas-carbon. The 
effects, however, are far superior with the four of pine than 
with either the ten of gas-carbon or any other material as yet 
used. It should be noted that pine wood is the best resonant 
material we possess; and it preserves its structare and quality 
when converted into the peculiar charcoal I have discovered 
and described. 

It is not only necessary to vary the number of surfaces and 
materials in accordance with the range and power of the vibra- 
tions, but these surfaces and materials must be put under more 
or less pressure in accordance with the force of the sonorous 
vibrations. Thus for a man’s voice the surfaces must be 
under a far greater pressure than for the movements of insects. 
Still the range of useful effect is very great, as the boxes 
which I have specially arranged for man’s voice are still sen- 
sitive to the tick of a watch. 
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In all cases it should be so arranged that a perfect undu- 
latory current is obtained from the sonorous vibrations of a 
certain range. Thus, when speaking to a microphone trans- 
mitter of human speech, a galvanometer should be placed in 
the circuit, and, while speaking, the needle should not be de- 
flected, as the waves of + and — electricity are equal, and 
are too rapid to disturb the needle, which can only indicate a 
general weakening or strengthening of the current. If the 
pressure on the materials is not sufficient, we shall have a con- 
stant succession of interruptions of contact, and the galvano- 
meter-needle will indicate the fact, If the pressure on the 
materials is gradually increased, the tones will be loud but 
wanting in distinctness, the galvanometer indicating interrup 
tions; as the pressure is still increased, the tone becomes 
clearer, and the galvanometer will be stationary when a maxi- 
mum of loudness and clearness is attained. If the pressure be 
further increased, the sounds become weaker though very 
clear; and as the pressure is still further augmented the 
sounds die out (as if the speaker were talking and walking 
away at the same time) until a point is arrived at where there 
is complete silence. 

When the microphone is fixed to a resonant board, the lower 
contact should be fixed to the board, so that the sonorous vi- 
brations act directly on it. The upper contact, where the 
pressure is applied, should be as free as possible from the in- 
fluence of the vibrations, except those directly transmitted to 
it by the surfaces underneath ; it (the upper surface) should 
have its inertia supplemented by that of a balanced weight. 
This inertia I find necessary to keep the contact unbroken by 
powerful vibrations. No. spring can supply the required 
inertia ; but an adjustable spring may be used to ensure that 
the comparatively heavy lever shall duly press on the contacts. 

The superposed surfaces in contact may be screwed down 
by an insulated screw passing through them all, thus doing 
away with the lever and spring; but this arrangement is far 
more difficult to adjust, and the expansion by heat of the screw 
causes a varying pressure. It is exceedingly simple, however, 
easily made, and illustrates the theoretical conditions better 
than the balanced lever I have adopted in practice. 

In order to study the theoretical considerations, and that with 
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the most simple form of microphone freed from all surrounding 
mechanisms, let us take a flat piece of charcoal 2 millims. thick 
and 1 centim. square, and, after making electrical contact by 
means of a copper wire on the lower surface, glue that to a 
small resonant board or, better for the purpose of observation, to 
a block of wood 10 centims. square. Upon this superpose one 
or more similar blocks of charcoal, the upper surface in com- 
munication with a wire, the lowermost surface resting flat, or as 
nearly so as possible, on the lower block. 

The required pressure is 
put on the upper block ; and 
while in this state the two 
may be fastened together 
with glue at the sides, or, 
better, by an insulated screw. 
The pressure can then be 
removed, as the screw or 

glue equally preserves the 
force. Let the lower piece be called A and the upper B: 
when we subject this board to sonorous vibrations, we can- 
not imagine an undulatory movement of the actual wave- 
length in such a mass, that is a length comparable with the 
real wave-length of the sonorous wave, which may be several 
feet. Nor can we imagine a wave of any length without 
admitting that the force must be transmitted from molecule to 
molecule throughout the entire length: thus any portion of a 
wave, of which this block represents a fraction, must be in 
molecular activity. The lower portion of the charcoal A, 
being part of the block itself, has this molecular action 
throughout, transmitting it also to the upper block. How is 
it that the molecular action at the surfaces of A and B should 
so vary the conductivity or electrical resistance as to throw it 
into waves in the exact form of the sonorous vibrations ? 
It cannot be because it throws up the upper portion, making 
an intermittent current, because the upper portion is fastened 
to the lower, and the galvanometer does not indicate any in- 
terruption of current whatever. It cannot be because the 
molecules arrange themselves in stratified lines, becoming 
more or less conductive, as then surfaces would not be re- 
«uired—that is, we should not require discontinuity between 
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the blocks A and B; nor would the upper surface be thrown 
up if the pressure be removed, as sand is on a vibrating glass. 
The throwing-up of this upper piece B when pressure is re- 
moved proves that a blow, pressure, or upheaval of the lower 
portion takes place : that this takes place there cannot be any 
doubt, as the surface, considered alone (having no depth), 
could not bodily quit its mass. In fact, there must have been 
a movement to a certain depth; and J am inclined to believe, 
from numerous experiments, that the whole block increases 
and diminishes in size at all points, in the centre as well as 
the surface, exactly in accordance with the form of the sono- 
rous wave. Confining our attention, however, to points on 
A and B, how can this increased molecular size or form pro- 
duce a change in the electrical waves? This may happen in 
two ways: rst, by increased pressure on the upper surface, 
due to its enlargement ; or, second, the molecules themselves, 
finding a certain resistance opposed to their upward move- 
ment, spread themselves, making innumerable fresh points of 
contact. Thus an undulatory current would appear to be pro- 
duced by infinite change in the number of fresh contacts. 
I am inclined to believe that both actions occur: but the latter 
seems to me the true explanation ; for if the first were alove 
true, we should have a far greater effect from metal powder, 
carbon, or some elastic conductor, such as metallized silk, than 
from gold or other hard unoxidizable matter ; but as the best 
results as regards the human voice were obtained froin two sur- 
faces of solid gold, I am inclined to view with more favour 
the idea that an infinite variety of fresh contacts brought into 
play by the molecular pressure affords the true explanation. 
It bas the advantage of being supported by the numerous 
forms of microphone I have constructed, in all of which I can 
fully trace the effect. 

I have been very much struck by the great mechanical 
force exerted by this uprising of the molecules under sonorous 
vibrations. With vibrations from a musical box 2 feet in 
length, I found that one ounce of lead was nat sufficient on a 
surface of contact 1 centim. square to maintain constant con- 
tact; and it was only by removing the musical box to a dis- 
tance of several feet that I was enabled to preserve continuity 
of current with a moderate pressure, I have spoken to forty 


260 ON THE PHYSICAL ACTION OF THE MICROPHONE. 


microphones at once; and’ they all seemed to respond with 
equal force. Of course there must be a loss of energy in the 
conversion of molecular vibrations into electrical waves ; but 
it is so small that I have never been able to measure it with 
the simple appliances at my disposal. Ihave examined every 
portion of my room—wood, stone, metal, in fact all parts—and 
even a piece of india-rubber: all were in molecular move- 
ment whenever I spoke. As yet I have found no such insu- 
lator for sound as gutta-percha is for electricity. Caoutchouc 
seems to be the best; but I have never been able by the use of 
any amount at my disposal to prevent the microphone report- 
ing all it heard. 

The question of insulation has now become one of necessity, 
as the microphone has opened to us a world of sounds, of the 
existence of which we were unaware. If we can insulate the 
instrument so as to direct its powers on any single object, as 
at present I am able to do on a moving fly, it will be possible 
to investigate that object undisturbed by the pandemonium of 
sounds which at present the microphone reveals where we 
thought complete silence prevailed. 

I have recently made the following curious observation :— 
A microphone on a resonant board is placed in a battery-cir- 
cuit together with two telephones. When one of these is 
placed on the resonant board, a continuous sound will emanate 
from the other. The sound is started by the vibration which 
is imparted to the hoard when the telephone is placed on it ; 
this impulse, passing through the microphone, sets both tele- 
phone-disks in motion; and the instrument on the board, 
reacting through the microphone, causes a continuous sound 
to be produced, which is permanent so long as the indepen- 
dent current of electricity is maintained through the micro- 
phone. It follows that the question of providing a relay for 
the human voice in telephony is thus solved. 

The transmission of sound through the microphone is per- 
fectly duplex; for if two correspondents use microphones as 
transmitters and telephones as receivers, each can hear the 
other, but his own speech is inaudible; and if each sing a dif- 
ferent note, no chord is heard. The oxperiments on the deaf 
have proved that they can be made to hear the tick of a watch, 
but not, as yet, human speech distinctly; and my results in 
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this direction point to the conclusion that we only hear our- 
selves speak through the bones and not through the ears. 

However simple the microphone may appear at first glance, 
it has taken me many months of unremitting labour and study 
to bring to its present state through the numerous forms each 
suitable for a special object. The field of usefulness for it 
widens every day. Sir Henry Thompson has succeeded in 
applying it to surgical operations of great delicacy ; and by its 
means splinters, bullets, in fact all foreign matter, can be at 
once detected. Dr. Richardson and myself have been experi- 
menting in lung- and heart-diseases ; and although the applica- 
tion by Sir H. Thompson is more successful, I do not doubt 
that we shall ultimately succeed. There is also hope that 
deafness may be relieved. For telephony articulation has 
become perfect, and the loudness increased. Duplex and mul- 
tiplex telegraphy will profit by its use ; and there is hardly a 
science, where acoustics has any direct or indirect relation, 
hich will not be benefited. And I feel happy in being able 
to present this paper on the results obtained by a purely phy- 
sical action to such an appropriate and appreciative body as 
the Physical Society. 

In conclusion, allow me to state that throughout the whole 
of my investigations I have used Prof. Bell’s wonderfully sen- 
sitive telephone instrument as a receiver, and that it is owing 
to the discovery of so admirable an appliance that I have been 
enabled to commence and follow up my researches. — 


XXVIII. On Brass Wind Instruments as Resonators. 
By D. J. BLAIKLEY*. 
[Plate VI.! 
In bringing before the Physical Society a few notes and 
experiments on this subject, I would desire to say that they 
are the result of an attempt to carry somewhat more into 
detail than, as far as I am aware, has hitherto been done, some 
acoustical investigations of the late Sir C. Wheatstone. A 
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most interesting paper on Wheatstone’s work in this field was 
brought before the Musical Association by Professor W. G. 
Adams in 1876; and to that paper I am in great measure in- 
debted. 

A brass instrument may be defined as a resonator capable of 
reinforcing a certain fundamental periodic vibration originated 
by the lips, and all such vibrations as have for their relative 
numbers 2, 3, 4, &c. when the fundamental note is represented 
by unity,—these vibrational numbers being the basis of what is 
known as the natural harmonic series of musical intervals— 
and this series being the same, whatever may be the absolute 
pitch of the fundamental note or the character of tone of the 
instrument. 

It is possible to make the lips give notes which, although 
scarcely audible, are of definite pitch, without the use of an 
instrument, just as a tuning-fork gives ity proper note with or 
without a resonator. 

There are two simple forms of resonators which give the 
series of notes required in wind instruments: these are the 
open tube of equa] section throughout, and the cone complete 
to its apex, where it is of course closed. In the tube the wave- 
length of any note is inversely proportional to its vibrational 
number; and the nodes or points of maximum compression 
and rarefaction, and the centres of the ventral segments, or 
points of maximum amplitude of vibration are equidistant: but 
in the cone this is not the case. Wheatstone found experi- 
mentally that the notes of a closed cone agree in pitch with 
those of an open tube of the same length; and therefore the 
prime or fundamental tone of such a cone is an octave higher 
than the prime of a closed tube of the same length, He found 
also that in conic frustra of similar lengths, but of different pro- 
portions as regards the diameters of their ends, the pitch varied, 
rising as the difference between the two ends increased when the 
small end was closed, and becoming lower under the same condi- 
tions when the large end was closed. The accompanying dia- 
gram (Plate VI.) shows the positions of the nodes and centres 
of ventral segments in an open tube and a cone of the same 
length for the notes c, “, 9, c”, marked 1, 2, 3, 4 (c having 
128 vib., and a wave-length of 105 in. at 60° F.). The nume- 
rals grouped together and marked N show the positions of the 
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nodal points or surfaces, and those marked vs the centres 


of the ventral segments or points of maximum vibration. The 
effect that the diminishing size of the cone has upon the posi- 
tion of the nodes may be easily traced. Whilst the positions 
of the centres of the ventral segments remain the same as in 
the open tube (the numerals for these on the cone in the dia- 
gram falling exactly under those for the open tube), the nodes 
are gradually further and further apart, dividing their respec- 
tive ventral segments more and more unequally, until at the 
apex of the cone is a node common to all the notes. It fol- 
lows from this that the centre of a ventral segment in a cone 
is not the centre of the length between its nodes, and, con- 
versely, that as the diameters of the two ends of the ventral 
segment approach equality, so does the position of the node 
become more central, until the condition of vibration existing 
in an open cylindrical tube is reached; and such a tube may 
evidently be considered as a portion ofa cone whose apex is at 
an infinite distance. It is to be noticed that in the cone the 
number of + wave-lengths, or semi- ventral segments, is not 
directly proportional to the vibrational number as in the open 
tube, but, with the exception of the fundamental note, is always 
in excess. Thus let 


N = number of } wave-lengths, 


n = relative vibrational number ; 

then 
= n+(n—1)=2n—1. 
Instances.— Note 1 (fundamental) N=1+(1—1)=1, 

Note 4 (double octave) N=4+(4—1)=7. 
The velocity of the portion of wave or waves in the cone there- 
fore differs with the pitch of the note, and is in no case the 
same as the velocity in free space. Assuming this latter to 
be 1120 feet per second, we should have in the cone the fol- 
lowing velocities :— 


Note. no N 1 
c 128 ...... 1 1 2240 
2566 2 3 14934 
gf 384 . 3 5 1344 
c 512 1 7 1280 
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and the space traversed by the waves of the different notes in 
one second, measuring from the apex of the cone to, say, the 
ear of an observer: — 


N 1122·1875 feet. 
o 1121-0937 _,, 
Of BBA cosechesscevess 1120:7292 ,„ 
512 .. woe 1120:5468 „ 


The method J used to find the positions of the nodal points 
in the cone, and which is applicable to wind instruments or 
tubes of any varying section, may be illustrated by a conic 
frustum open at both ends. Holding a vibrating fork over 
one end (in this case e 512), gradually sink the tube in water: 
the water-level when the tube is giving its maximum reso- 
‘nance shows the position of the node. 

Brass instruments are generally considered to be cones, or 
cones combined with cylindrical tubing, neither of which de- 
scriptions properly applies; and this I will endeavour to make 
clear by experiment. We may, in the first place, consider 
whether the resonance of cones and tubing is influenced ap- 
preciably by the action of the lips; and it will be found that, 
whether the lips or a tuning-fork be used to excite the vibra- 
tion, the pitch is the same. Two illustrations may be given— 
the first a common hunting-horn, pitch c 512 when it is 
blown, and giving an excellent resonance to the c 512 fork 
when the mouthpiece is closed; if, however, we slightly alter 
its length either way, the resonance to the fork is no longer at 
its maximum. For the second illustration, I take a cylindrical 
tube which becomes closed on being placed against the lips : 
blowing it as a wind instrument, we find its proper tones are 
c 128, 9 384, e“ 640, bb 896, &c., the same as it would give 
as a resonator, and that the pitch of these tones is so definite 
that it is very difficult to alter any of them by the lips move 
than two or three vibrations, except the lowest. Wemay here 
note that the power of a resonator to reinforce the different 
notes of a series of tones, with the prime or fundamental one 
of which it is not traly in unison, is much greater for the fun- 
damental than for the higher notes; and this gives the reason 
for the ease with which the fundamental note of a wind instru- 
ment may be varied within pretty wide limits, say half a tone 
sharper or flatter than its proper pitch. Taking, for illustra- 
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tion, a closed tube 21 inches long, it will be found to give ap- 
preciable resonance to a fork of 128 vibrations with quarter 
wave-length of 26} inches, but scarcely any to a fork of 384 
vibrations (9 the twelfth from e 128) with quarter wave-length 
of 84 inches: when the c fork is sounding, the length of the 
resonance-chamber is to the quarter wave-length as 21 to 26}; 
but when the g fork is used, the corresponding proportion is 
practically as 31 to 84; for in this case there is a second node 
at a half wave-length, or 174 inches from the closed end. 

For musical purposes a cylindrical tube blown by the lips 
is evidently unsuited, by reason of its poor tone, as well as by 
its giving only the odd intervals. The cone gives the required 
intervals; but it cannot be used by the lips in its complete 
form; it would be necessary to cut off a considerable portion 
to get sufficient width for the action of the lips. Assuming 
the cone shown on diagram to be cut at the second node of 
note 4 (counting the node at the apex as the first) and there 
closed by the lips, that note of the original cone can still be 
sounded, but no other; the other notes that can be produced 
may be regarded as the notes 3 and 2 made flatter by their 
nodes being drawn back, as it were, to the position of node 4, 
where the cone is cut and the lips are placed; the original 
notes 2, 3, 4, or „, , c“, becoming thus the Ist, 2nd, and 
3rd notes of a new inharmonic series, with pitches approxi- 
mately cg, ep’, c’—thus approaching the notes of a cylindrical 
stopped tube. I have here two other tubes tapering in differ- 
ent degrees—the first two proper tones on the one being ¢ and 
en“, and on the other c’ and e (a major tenth). From these 
experiments it may be seen that, by using portions of cones 
of different proportions with their small ends closed, it is pos- 
sible to get different series of intervals varying between those 
of an open and those of a closed cylindrical tube—that is, the 
first interval varying between an octave and a twelfth. 

One of the examples just shown (the tube with notes c and 
et“) appears to give intervals not very far removed from those 
required: it may be made use of to illustrate the effect of the 
combination of a cone with cylindrical tubing, such tubing 
being of necessity used in practice in connexion with valves 
or slides to complete the scale. Flattening this cone a fourth, 
from c to y, by adding tube, it gives the intervals g, “, d” in 
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place of the g, g’, d“ required, or the ratios 1, 13, 3 in place 
of 1, 2, 3, the second interval being actually greater than the 
first. 

These illustrations prove that neither a conic frustum, nor 
a conic frustum combined with cylindrical tubing, can truly 
be resonators to notes in the natural harmonic series; but 
seeing that a bugle or other wind instrument, although it has 
a considerable diameter at the mouthpiece, may nevertheless 
be in tune, it appears that its nodal points cannot be in the 
same positions as those in the cone. On the diagram is re- 
presented a bugle of the same pitch as the open tube and cone, 
with the positions of its nodes and semi- ventral segments as 
determined by experiment with tuning-forks. Comparing on 
the diagram the positions of the nodes of any given note in 
both the bugle and the cone, it will be noticed that there are 
great differences. The nodes of note 2 show this clearly. 
Compare lengths from both ends: from mouthpiece to node 
the length is more nearly equal to that between similar nodes 
on cylindrical tubing than to that between similar nodes on 
the cone; but from node to open end it is greater than on the 
cone, the bugle opening more rapidly. 

Thus, then, by altering the proportions of the different semi- 
ventral segments of which such an instrument may be con- 
ceived to be built up, the positions of the nodes may be so 
arranged that there shall be a node for every note of the har- 
monic series at the mouthpiece as required ; and according as 
that is more or less perfectly effected will the instrument be 
more or less perfectly in tune. This bugle is divided into its 
seven semi- ventral segments for its 4th note, c 512, according 
to the diagram ; and it will be found that by blowing at any 
one of the nodal points, with any length of the bugle contain- 
ing an odd number of semi- ventral segments, the note ¢” can 
be produced. The total number of pieces and combinations 
that can give this note is eighteen. 

Having given these few illustrations of the conditions upon 
which correct intonation, or the relative pitch of the different 
notes that can be sounded on a brass instrument, depends, I 
will now endeavour to show the connexion there is between 
this point and the question of quality of tone, understanding 
by quality of tone that characteristic of sound which enables 
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us to recognize a difference between tones of the same pitch. 
Helmholtz has fully demonstrated that it is only in exceptional 
cases that we hear a simple musical tone—the vast majority of 
musical tones being in reality compound tones, in which the 
fundamental or prime tone has blended with it many upper 
partial tones of the natural harmonic series,—and that the 
variety of quality of tone depends mainly upon the number 
and intensity of these upper partial tones. Blowing the note 
c 256 on three resonators of different forms we get three di- 
stinctly different qualities of tone: the resonators now used 
are a common paraffin-lamp chimney, the conic frustum 
already shown (having for its first two proper tones / and ¢’’$), 
and the bugle. Analyzing these three tones by tuning-forks 
or resonators, we find that the lamp-chimney of irregular form 
gives no upper partials; the tone is pure or simple. The cone 
has the second and third partials sounding, but not strongly, 
as it is not strictly in tane for them, or, in other words, there 
is a difference of phase between the prime tone and the par- 
tials. And the bugle has all the partials up to the seventh, 
gradually diminishing in power, but all tolerably strong up to 
the fifth inclusive. Slightly altering the form of the cone by 
adding tubing to the narrow end, and maintaining the original 
pitch of the prime tone (¢ 256), by cutting a portion off the wide 
end the pitch of the second tone may be altered until it is 
c 512, an exact octave from the prime; and we find that the 
quality of tone of the prime or fundamental note is altered, 
owing to the more perfect resonance which the cone now gives 
to its second partial. In its original form, with proper tones 
eg“, the cone could give but an imperfect resonance to c“, 
the second partial to its prime c’. 

In the trombone and the euphonion we have two instru- 
ments of very different and characteristic qualities of tones 
the trombone being brilliant and piercing, and the euphonion 
mellow. We may take the Bh of about 120 vibrations (army 
pitch) on each of these and endeavour to give a visible proof 
of the existence of high upper partial tones. For this purpose 
I use small tubular resonators covered at one end with a tightly 
strained diaphragm or tympanum of goldbeater's skin, against 
the centre of which is hung a very small bead, or drop of 


268 MR. D. J. BLAIKLEY ON BRASS WIND 


sealing-wax, by means of a single thread of cocoon-silk. The 
two resonators now used are tuned respectively to the fourth 
and ninth partials of Bp, or bp of 480 vibrations and “ of 
1024. When the proper tone of such a resonator is sounded 
in its neighbourhood, either as a simple tone or as a partial in 
a compound tone, the agitation of the membrane puts the bead 
in violent motion, which can easily be seen in the image thrown 
on the screen by the electric lamp. It will be noticed that 
when Bh is sounded, either on the euphonion or on the trom- 
bone, both resonators are agitated—but that the excursions of 
the bead due to the partial tone of 1024 vibrations are much 
greater with the latter than with the former instrument, 
although both are played with but moderate force, thus 
proving that, though partials as high as the ninth exist in the 
quality of tone produced by both these instruments, yet in the 
trombone the upper partials have much greater strength than 
in the euphonion. With a resonator more suitable for pfivate 
experiment than these, I have distinctly heard the sixteenth 
partial tone in the Bp of thetrombone. A tapering tube open 
at both ends, or a common wine-bottle with the bottom knocked 
out, is very convenient for analyzing tones. Sinking such a 
tube in water and holding the ear close against the small end, 
the various partials existing in a given compound tone may be 
readily discerned, as the length of the tube changes according 
to the depth it is immersed in the water. 

Although one wind instrament may be made to approach 
another in quality of tone by means of different methods of 
blowing, and it is therefore not so easy to analyze the tones of 
these as it is those of keyed instruments with fixed tones, yet 
I have endeavoured to establish some general data; and these I 
will lay before you. The instruments the tones of which I 
have analyzed are the Bp tenor trombone, the Bp euphonion, 
the F French horn, the Bp cornet, and the bugle. The par- 
tial tones named in the Table are those heard when the instru- 
ments are gently blown ; with loud blowing higher tones can 
be discerned. The ordinary marks of musical expression, pp, 
p, mf, f, are added in cases where I found it possible to make 
a comparison. 
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Instrument. Note. 1 a: Partial tones heard. 
( Bb 60 1, 2, 3, 4, 5, 6, &. to 16. 
P 
Bb Trombone ... Bb 120 1, 2, 3, 4, 5, 6, &e. to 5 
f 180 1, 2, 3, 4, 5, 6, 7. 
p [than 12 weak. 
Bb 60 1, 2, 3, 4, 5, 6, &e. to 12; higher 
i 2# 
Bb Euphonion ..4| BB | 120 |12334567 
S 180 1, 2, 3, 4, 5. 
P 
| c 135 1, 2, 3, 4, 5, 6, 7, 8. 
P PP 
F French horn 1 f 180 1, 2, 3, 3 
f 360 1, 2, 3, 4, 5, 6. 
| pP 
Bb Cornet. bb 240 1, 2, 3, 4, 5, 6, 7, 8. 
PP 
Buglee cosases EA 256 1, 2, 3, 4, 5, 6, 7. 


f mf p pp 


While submitting that the different qualities of tone are ac- 
counted for by the difference in the number and force of the 
upper partials in any given compound tone, I must at the 
same time acknowledge that I can do no more than throw out 
a few suggestions with respect to the causes that influence the 
production of such upper partials in this remarkable manner. 
The partials being in the natural harmonic series, it is evident 
that if the various proper tones of a vibrating column of air 
such as is enclosed in a wind instrument are not in exact 
agreement with this series, the resonance to the partials can- 
not be at its best. Take for illustration two instruments no- 
minally the same (say two bugles), but with somewhat differ- 
ent qualities of tone. Suppose that a certain compound tone 
on both should have its first and second partials of equal in- 
tensity, but that one instrument has that one of its proper 
tones that is nearest in pitch to the required second partial a 
semitone sharper than that partial; the supposed compound 
tone sounded on that instrument will be deficient in the quality 
the second partial should give. 

As regards instruments of different characters, the chief 
points influencing the tone are the general form of the instru- 
ment (understanding bv this the proportions of the column of 
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air, and not the shape into which the instrument may be bent 
up for the convenience of the player), the extent of the flan- 
ging of the bell, and the form of the mouthpiece. As an 
illustration of the first of these conditions the trombone may 
be compared with the euphonion; the tubing of the trombone 
is cylindrical for about two thirds of its length from the mouth- 
piece, but the euphonion opens with gradually increasing cur- 
vature from the mouthpiece to the rim of the bell. The high 
upper partials being more powerful on the former than on the 
latter instrument, it would appear that the cylindrical tubing 
has the power of maintaining the intensity of the short waves 
to a greater extent than the tapering tubing has. The bell- 
flange may be increased in size to a considerable degree with- 
out altering the pitch of an instrument; but such increase has 
a marked effect on the quality of tone, greatly subduing the 
force of the upper partials. I find by experiment that the pitch 
is not altered by the extension of the flange curvature beyond 
a point at which its tangent would make an angle of about 40° 
with the axis of the instrument, although the quality of tone 
is decidedly altered by such extension. This may be illustrated 
by changing the bell-end of a bugle for a bell with much wider 
flange, more like that of a French horn: comparing the two, 
it will be noticed that the change in quality of tone is very 
marked. 

The form of the cup of the mouthpiece varies for different 
instruments, from that of a long deep conical funnel to that of 
a comparatively shallow well-rounded cup—the first form 
representing the French-horn mouthpiece, and the second the 
mouthpiece for instruments of brilliant tone, as the trumpet 
and trombone; those for cornets, bugles, and saxhorns are of 
an intermediate character. Although it is manifest that a 
shallow cupped mouthpiece favours the production of high 
upper partials, I have not as yet succeeded in arranging any 
experiments which would illustrate the cause of this. One 
fact, however, noticed by many observers, appears to me to be 
suggestive, and worth bearing in mind in connexion with this 
subject. It is this:—If a vibrating tuning-fork be placed on 
a sounding-board, the quality of tone it gives varies with the 
pressure applied: touching the board very lightly with the 
fork the prime tone is well heard; but on pressing the fork 
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down to the board the tone appears to jump up an octave ; at 
least the sécond partial (octave of the prime) is heard with 
great distinctness. This experiment appears to prove that if 
an elastic resonant body (in this case the resonant board) is in 
a state of initial pressure at the point of origin of vibrations, 
a vibration that would otherwise be simply pendular becomes 
a vibration compounded of two or more simple pendular vi- 
brations. Applying this consideration to wind instruments, 
and bearing in mind the initial pressure caused by the escape 
of air from the lips, it would appear probable that mouth- 
pieces of different forms so modify this initial pressure as to 
cause a variety in the number and intensity of the upper partial 
tones. 


XXIX. On Salt Solutions and Attached Water. 
By FREDERICK GUTHRIE. 
{Continued from p. 102. ] 


VI. 
Further Examples of Cryohydrates and Cryogens. 


§ 167. Hydrate of Barium.—On cooling a saturated solu- 
tion of this salt, the well-known recognizable crystals are con- 
tinually deposited until the temperature reaches —0°5. At 
this temperature the cryohydrate is formed, the temperature 
remaining constant until solidification is complete. The barium 
was estimated by adding carbonate a ammonium and gently 
igniting. 

grams. BaO CO, BaO. BaO per cent. 
22:1204 gave 0°4271 or 0˙331707 or 1:4995 
19:6436 „ 0:3790 „ 029435 „14984 
147921 „ 02924 ,, 022709 „ 1:5352 


The above analyses are of three separate liquid residues after 
the separation of two crops of cryohydrate in each case. 

The water-worth calculated on the whole three of these 
results is 565. 

As a cryogen the same temperature (- 095) was obtained. 

§ 168. Hydrate of Strontium.—On lowering the tempera- 
ture of a saturated solution of this hydrate, crystals of the same 

VOL, II. Y 


272 FREDERICK GUTHRIE ON SAL' SOLUTIONS 


separated until the temperature —0°1 was reached; the ervo- 
hydrate then formed. 


grams. SrO CO, SrO. SrO percent. 
17:2620 gave 0:0944 or 0°5468 or 0°3838 
13:5124 „ 00774 „ 0:5728 „ 0-4020 


The analyses were of different liquid residues after two crops 


of cryohydrate had been separated from each. The water- 


worth derived from the mean of these two analyses appears to 
be 1463. As cryogens, SrO H O or SrO when mixed with 
ice did not lower the temperature below 0°. A very slight fall 
to —0°:09 was obtained on slaking SrO with water and allow- 
ing it to assume the normal temperature before mixing with 
ice. Such a fall, however, can scarcely be recognized. 

§ 169. Lydrate of Calcium.—This body, as is well known, 
presents the very interesting peculiarity of being moresoluble 
in cold than in hot water. On further cooling the solution 
saturated at a certain temperature above 0°, one gets an im- 
perfectly saturated solution; and on still further cooling, ice 
appears. But if the solution be kept saturated during cooling. 
which can be well effected by continued stirring with some hy- 
drate precipitated by rise of temperature in another quantity, 
the cryohydrate appears at —0°15. 

CaO 


grams. CaO CO, CaO. + ecit: 


22:1094 gave 0°1030 or 0:057630 or 0°26 
23°3498 „, 01222 „ 0068432 ,, 0-29 


The analyses were of different liquid residues after two crops 
of cryohydrate had separated: the mean of these two results 
corresponds to the relation 


CaO +1116 H C. 


Employed as a cryogen, —0°18 was tne lowest temperature 
reached. The only data I can find of the solubility of lime at 
different temperatures are those of Dalton; from whose expe- 
riments it appeared that lime-water saturated at 


100° C. contains 0°1050 per cent. of CaO H; O 
54.4 „ 01371 „ i 
155 5„ 0:1712 j 5 
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From my results it appears that, the mean CaO being 0°275 per 
cent. (the mean of two analyses of the cryohydrate at — O15 
gave 0:3634 per cent. of CaO H O), lime is 34 times more 
soluble in water at —0°15 C. than at 100 C. 

With regard to these water-worths, 


W. W. 

Hydrate of barium . . . 5065 
5 strontium . . . 1463 
calcium. . 1116 


39 


it is not only noteworthy, but imperatively demands notice, 
that here calcium lies between barium and strontium. They 
who are engaged with the spectra of these metals will scarcely 
need a further hint. 

The melted cryohydrates of SrO H O and CaO H O, which 
had been solidified in an ice and NaCl freezing-mixture, did 
not exhibit the characteristic opacity of cryohydrates. They 
became milky in a carbonic acid and ether oryogen, but did 
not seem even then to assume the characteristic opacity. A 
trace of this true opacity appeared with BaO H, O. 

§ 170. Hydrate of Potassium.—A concentrated solution, 
namely a solution resulting from the deliquescence of the 
solid hydrate in moist air free from carbonic acid, did not 
solidify on being subjected to a’ cryogen of CQ, and ether: it, 
however, became syrupy. A dilute solution (indefinite) soli- 
dified wholly within the range of an ice-and-NaCl cryogen. 
The solid was transparent and resembled ice; it sank in water 
at 0° C. | | 

As a cryogen, caustic potash gave a temperature of —19°-2C. 
But, as will appear subsequently (and this is an important 
point), a salt which evolves heat on mixing with water makes 
a more powerful cryogen with ice if previously cooled ; not 
so those which do not. 

§ 171. Permanganate of Potassium.—On cooling a saturated 
solution of this salt, crystals of the permanganate separated 
out down to 0° C. The cryohydrate was formed at — 057; 
and the temperature then ceased to sink. The estimation of 
the water was by evaporation at 100°. The samples are from 
different preparations. In each case several crops of the solid 
eryohydrate had been removed. 

1 2 


274 FREDERICK GUTHRIE ON SALT SOLUTIONS 


grams. Anhydrous salt, Per cent. 
20°4624 . . . 05874 2°871 
19:6134 . . . . 05910 3-013 
197115. . 05249 2°663 
19.7478. 05318 2693 
12.6320 . . 03718 2:943 


The mean of these rather discordant results shows a water- 
worth of 608°3 (K; MnOg). 

As a cryogen, permanganate of potash gives a temperature 
of —0°:52. 

§ 172. Acetate of Lead.—The cryohydrate of acetate of lead 
forms at —1°4 C. After the separation of several crops, in each 
case the residual liquids, after weighing, were repeatedly eva- 
porated with an excess of nitric acid and gently heated. It is 
foand that the acetate is thereby completely converted into 
the nitrate. 


grams. Nitrate. Fre ane 
14:8195 gave 27906 = 18:4 

6:9029 „ 12401 = 175 

7:4904 „, 13700 = 18-0 


The water-worth, calculated on the mean of these three 
results, is 82:3. The temperature of the acetate-of-lead cryo- 
gen is — 17. 

§ 173. Sulphate of Zinc and Potassium.—The cryohydrate 
forms at —1°25. The analyses are, as before, of different 
residual liquids. The liquid cryohydrate was evaporated to 
dryness at 100° and heated to incipient fusion. 

grams. ZnSO,+K,SO,. Per cent. 

9:1020 yielded 0°7274 or 7:992 
| 9:0934 „ 07739 „ 8510 
The mean of these results gives the water-worth 1674. As 
a cryogen, the same double salt gives — 101. The tempera- 
ture of solidification of this cryohydrate and the percentage of 
salt it contains are approximately those of K, S0, its least- 
soluble constituent (see §§ 22, 71). 


Temperature of Per cent. 


eryohydrate. of salt. 
K, SO, e e >è « = 1855 7˙8 
Zn S000. —7 30°84 


K, SO, + ZnSO, 0 e e 0 cas 1°25 8°25 


ee EE — — 
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Comparing this fact with those developed in §§ 109-120, 
where mixtures of salts were employed, we find that while 
with such mixtures the more powerful cryogen governs the 
temperature, here it is the less powerful cryogen which does so. 
§ 174. Ferrocyanide of Potassium— The cryohydrate of this 

salt forms at —1°7. Two analyses of the same residual liquid 
were made by evaporating at 100°, and subsequent stirring 
with free exposure to the air at the same temperature. 

grams. K,FeCy,. Per cent. 

6:6510 gave 0°7987 or 12 

6:5080 „ 0:7665 „, 118 
The mean indicates the formula 

K, FeCy, +151°6 H, O. 


The temperature of the cryogen is —1°°61. If this body had 
been the first to be experimented on in the direction which 
has led to the discovery of the cryohydrates, it is possible that 
the whole class might have escaped notice, because, when the 
cryohydrate is allowed to melt, a considerable quantity of yel- 
low salt (terhydrate or subcryohydrate) falls tiae unless the 
liquid is kept well agitated. Though not peculiar to this salt, 
it is perhaps more marked with it than with any other. To 
be viewed almost as a corollary to the above fact is the follow- 
ing one concerning the same salt. When a solution of the 
strength of the cryohydrate is cooled, there may be a simul- 
taneous formation of ice and some hydrated or anhydrous 
ferrocyanide : the one floats; the other sinks. As before 
pointed out in other cases, this independent separation of the 
constituents of the cryohydrate is entirely prevented by pla- 
cing in the solution a fragment of previously formed cayohy- 
drate. 7 

§ 175. Ferricyanide of Potassium.—At a temperature of 
— 3.9 a saturated solution of this salt began to give up its 
cryohydrate, having previously given up a less hydrated salt. 
Though several determinations of the amount of salt in the 
residual liquid were made both by evaporation over a water- 
bath and drying in vacuo over sulphuric acid, the results dif- 
fered from one another by several per cent. The lowest was 
19-8 per cent., the highest 24 per cent. The temperature of 
the cryogen is —3°9 C. The ambiguity in the amount of 
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water in the cryohydrate finds its counterpart in the similar 
ambiguity in the water of crystallization of the ordinary salt. 

§ 176. Nitrate of Urea.—The cryohydrate first appears at 
—4°, on cooling a saturated solution. The residual liquids 
from two preparations, after about the same quantity of cryo- 
hydrate had separated, were very gently evaporated on a water- 
bath only just to complete dryness. If the substance be further 
heated, minute iridescent crystals begin to appear at that part 
of the residue where the basin is in contact with the bath. As 
soon as these began to appear the further heating was stopped. 


grams, Nitrate. Per cent. 
6:6889 gave 0°5693 or 8°64 
6:7616 „ 0:5844 „ 851 


The water-worth is accordingly 72°83. As a cryogen the 
temperature of — 45 is obtained. 

§ 177. Oxalate of Potassium.— The temperature at which 
the cryohydrate formed was found to be —6° 3. On evapo- 
rating 3°2862 grams in a platinum capsule, igniting, and 
quickly cooling on a metal slab, 0:5790 of the carbonate was 
obtained (21762 per cent.). 

In another analysis, 31500 grams, on evaporation to dry- 
ness on a water-bath, gave 0°6684 oxalate (21:22 per cent. ). 
This gave on ignition 0°5531 of carbonate (17°56 per cent.), 
which by treatment with hydrochloric acid gave 0°5958 of 
chloride of potassium (18°88 per cent.). The percentage of 
carbonate agrees closely with that of the first.analysis. The 
percentage of chloride differs only by 0-07 from that required 
on the conversion of 17°56 of carbonate. Hence it would 
seem that with due care oxalate of potassium may safely be 
estimated as carbonate, notwithstanding the hygroscopic cha- 
racter of the latter salt. It also appears (contrary to state- 
ments sometimes made) that oxalate of potassium does not 
retain any of its water of crystallization when its solution is 
evaporated to dryness at 100° C.; for the 17°56 per cent. of 
carbonate obtained is equivalent to 21°12 per cent. of oxalate, 
which only differs by 0°1 per cent. from 21°22, which was 
found. The water-worth (deduced from the chloride of potas- 
sium) is 17˙3. 

The temperature of the cryogen is —6°2. 
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§ 178. Fluoride of Sodium. — This salt, like several other 
salts of sodium, is troublesome when attacked from the side of 
saturated solutions, because there appears to be a subcryohy- 
drate. This salt also exhibits the very rare property of being 
almost equally soluble at all temperatures between 100° and 
—3°9. On cooling a hot saturated solution to — 2°, nothing 
separates. Between —2° and —4° an ice-like body is formed. 
The true cryohydrate appears to be formed at —5°63; for this 
temperature is preserved till the whole is solid and opaque. 
Fluoride of sodium, as a cryogen, gives - 3:2. The cryohy- 
drate has not been further examined. 

§ 179. Cyanide of Mercury.—A concentrated solution gave 
up the anhydrous salt until —0°45 was reached; then the 
cryohydrate was formed. The amount of salt was determined 
by evaporation over sulphuric acid in vacuo. 


grams. Cyanide. 
3°8835 gave 0°2892 or 7°45 per cent. 
5:0238 „, 03738 or T44 , 


This percentage exhibits the water-worth of 174. The same 
salt as a cryogen reaches the temperature — 06. 

§ 180. Acetate of Zinc.—A boiling saturated solution was 
allowed to cool to the atmospheric temperature (+15°). The 
residual liquid was drained from the separated crystals and 
introduced, together with a few crystals, into a stoppered 
bottle. After keeping in ice for nine hours with frequent agi- 
tation, all sign of further crystallization ceased. The zinc was 
estimated by precipitation with carbonate of sodium. It was 
thus found that the strength at 0° was 23 per cent. This so- 
lution, when artificially cooled, yields fern-like crystals at 
— 5.9; these gradually became opaque, the opacity forming 
in a frond-like manner; the whole became dry at the above 
temperature. An analysis of the residual liquid, after two 
crops of cryohydrate, showed that the cryohydrate had sensibly 
the same composition as the solution saturated at 0° C.; for 

grms. Oxide. 
5:9980 gave 0°6103 or 23 per cent. anhydrous acetate. 


§ 181. Hyposulphite of Soda.—The following are the tem- 
peratures at which solidification begins in solutions of varying 
strengths of this salt :— 


278 FREDERICK GUTHRIE ON SALT SOLUTIONS 
TABLE XXXIX. 


N. S. O,, Temperature, | Body found | 


by weight. Centigrade. 
per cent. A | 
1 — vl Ice. | 
2 — 04 ” t 
3 — 065 1 
B ; 
6 — 15 Appearance of ice, but sinks 
0 — 25 in water at 0°. Perhaps | 
15 — 39 due to interstitial solution. 
20 — 5-45 More probably a subcryo- 
30 — $5 to —11-0 hydrate. | 
30 —11 | Oryohydrate. i 
33:5-5 0-0 : 
4l +20 } (Kremers) | Ordinary hydrate. : 


A 30-per-cent. solution does not always give up a solid at 
—9°5. Sometimes the temperature sinks to —12°4; then 
the true cryohydrate is formed, and the temperature rises to 
—11° and remains constant till all is solid. 

The solubilitics at 0° and 20° are those given by Kremers. 
These and the determination for —11°, when plotted in the 
usual way, are found to lie on the same straight line. H. Schiff 
found at 19°5 a saturated solution to contain 63:5 per cent. 
five-hydrated, or 45:8 per per cent. anhydrous salt. As a 
ctyogen, the temperature —10° was reached. 

§ 182. Citric Acid.—This body presented many difficulties ; 
but as these difficulties occur again with most organic acids 
of high molecular weight, a special study was made of it. It 
is peculiarly liable in aqueous solution to supersaturation of 
the most persistent kind, especially when the solution is at a 
low temperature. At temperatures and under conditions 
which are capable of evolving the cryohydrate, the solution 
assumes sometimes an almost colloidal form, and shows no signs 
of eliminating solids unless other means besides mere lowering 
of temperature are employed. 

From solutions ranging from 10 to 40 per cent. of anhy- 
drous acid, ice is liberated; and this continues to 42°26 per 
cent., from which solution a cryohydrate separates at —9°2. 
The following is a somewhat detailed account of the behaviour 
of solutions containing a greater percentage of acid than 40. 

Two grams of a solution gave 0°8525 of citric acid, or 42°28 
per cent. This gives a solid at —9°2, which at first floats on 
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the residual liquid. The solid consists of massive white ag- 
glomerated crystals. The crystals are hexagonal, but pre- 
sent rhomboidal elements, causing the edge of each crystal 
to be deeply and regularly serrate. When they melt, the 
rhomboidal crystals are themselves resolved into long slender 
prisms. A large quantity of such a solution retained its com- 
position when nine tenths of it had been removed by solidifi- 
cation, nevertheless, if such a solution be kept perfectly still 
for many hours at —9°, a few ice spicula may be formed. 

Other solutions, containing respectively 45, 45°9, 50, 50°7, 
and 51°5 per cent. of the anhydrous acid, were examined. - It 
is only this latter which yields, on cooling, distinct quantities 
of the original salt: this it does at —6°, but only if a particle 
of the original salt be introduced and by diligent stirring. 
When undisturbed, this 51:5 solution may be cooled to —19°°5 
without any solidification. So prone is this acid to exhibit 
supersaturation, that solutions both weaker and stronger than 
the 42°62 may be enriched on partial solidification. Thus a 
50-per-cent. solution, though already stronger than the cryo- 
hydrate, may become still stronger by the separation of ice at 
—17°. There is therefore a large region of double supersa- 
turation; the ice-curve crosses the acid or subcryohydrate- 
curve, both continuing their courses for an exceptionally long 
distance. : 

For the solubility at 0° C., a solution saturated above 0° C. 
was kept at 0° surrounded by ice and placed in an ice-safe for 
three days. 

Solution. Ay Per cent. Mean. 


2:0962 gave 1:0755 or 51°30 } 81.9 
2.1288 „ 1.0914 „ 51:27 51285. 
Crystallized citric acid when added to water has a consider- 
able cooling effect. Thus 
110:9 grams of crystallized acid at 20°5 C., added to 
89 35 water at . 165 
lowered the temperature to . 2˙5; 


while 
51°5 grams of anhydrotis acid cooled to 0° C. and added to 
48˙5 „ Water cooled to . 0° 


gave a temperature of . . —6°. 
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The chief results may be summarized in the following 
Table :— 


TABLE XL. 
Citric acid (anhydrous). 


7 ae 
Anhydrous acid Temperature at 


| which solidifi- Body formed. 
percent cation begins. | 
a a | 
10 — fa Ice. 
20 =? 2-8 99 
30 — 5 ” 
40 s= 8:5 9 
42-62 — 92 Cryohydrate. 
ree “i7 At these temperatures 
47:06 — 12-2 ordinar hy sub- 
: 5 cryohydrate, or even 
50°7 —13°7 be formed. 
51-5 —15 eee 


As a cryogen, the lowest temperature attainable is —9°3 ; 
and this confirms the composition of the cryohydrate which 
had been deduced synthetically. Neither cooling the acid to 
0° C. nor cooling the two separately to —9° C. had any effect 
upon the temperature; but, of course, the more nearly the 
initial temperature is to the final one the less is the quantity 
of liquid formed. 


Miscellaneous Notes. 


§ 183. The following notes of salts which have not yet been 
fully examined may be useful. 

Cyanide of Potassium, as a cryogen, gives a temperature of 
—21°1. The cryohydrate forms at —33°, with a carbonic- 
acid and-ether cryogen. Compare § 170. 

Oxalate of Sodium forms a cryohydrate at —1°7 C. 

Employed as cryogens, the following temperatures were 
obtained from the corresponding salts :— 


O 
Chloride of cadmium . . . 83 C. 
73 nickel . —10°35 


Citrate of sodium . . 113 

Acetate of calcium . . 118 

Chloride of cobalt . —15°35 
9 manganese . . 28˙0 


fF 4 
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Those of these bodies which evolve heat on mixture with water 
would, when cooled, depress the temperature more. Thus the 
chloride of manganese scarcely showed signs of a cryohydrate 
at —40° C. 

Formate of Sodium, as a cryogen, gives - 14,3. A con- 
centrated solution becomes semisolid at —14°, but does not 
become opaque or completely solid in a salt-ice cryogen 
(—22°). 

Tannic Acid, asa oryogen, gives —1°5, 

Sulphurous Acid gives a cryohydrate at — 155. 

Boracic Acid, as a cryogen, gives —0°8. The cryohydrate 
forms at —0°7. 

Arsenious Acid.—The cryogen stands at —0°3; the eryo- 
hydrate formed at —0°5,. Two samples of the melted and 
liquid cryohydrate were sealed hermetically. After two or 
three days it was found that a considerable quantity of a fine 
white powder had exhibited itself. 


On the Separation of Water from Crystalline Solids, inCurrents 
of Dry Air. 


§ 184. The high water-worth of many of the cryohydrates 
(§ 88), and the want of evidence of simple arithmetical re- 
lationship between the atomic numbers of the water and salt 
of almost all these bodies, invited me to reexamine a few of 
the most definite and stable crystalline salts containing water 
And this invitation was the more pressing because, in the 
matter of the determination of water of crystallization, analysts 
have for the most part allowed themselves a far greater lati- 
tude in respect to agreement between the experiment made and 
the conclusion drawn than they have been willing to admit in 
‘regard to the other constituents of the salt. Prominent in 
respect to agreement between experiment and the derived 
constitution are the investigations of Graham, especially on 
the water of crystallization of single and double sulphates. 
Such accord is so rare, that in a very great many instances 
the experiments actually point to a different water-worth than 
that adopted by the experimenter. 

That heat is sometimes liberated and sometimes absorbed 
when a salt is brought into contact with water, not only ac- 
cording to the nature of the anhydrous constituents, but also 
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to the degree of hydration, has long since shown that there is 
some essential difference in the tension of the union which is 
established between the water on the one hand, and the more 
or less hydrated anhydride on the other. But the statements 
as to the conditions under which a salt becomes anhydrous, or 
exists in combination with a definite relative number of mole- 
cules of water, are neither definite nor satisfactory. The state- 
ment that a salt gives up n molecules of water when heated to 
the temperature E is inexact, (1) unless the hygrometric state 
of the air is given, (2) unless it is known whether frée circu- 
lation takes place, and (3) unless the pressure on the salt is 
known. The statement that a salt gives up m molecules of 
water in vacuo (over a desiccator) is also ambiguous, in so far 
as it ignores the temperature. 

The salt which I first examined in this respect was chloride 
of barium, BaCl; + 2H; O (BaCl+2HO), it being a salt easily 
got quite pure and of a stable nature. The pure salt of 
commmerce was recrystallized, boiled with carbonate of barium, 
filtered and precipitated, and washed with alcohol. It was 
then twice recrystallized. It was then finely powdered, and a 
part A was dried for forty-eight hours in a good vacuum at a 
temperature of about 17° C.; a part B was dried between 
repeatedly renewed bibulous paper in a screw-press for the 
same time. Two analyses of each were made, the elements 
being estimated in the usual way. 


Estimation of Barium. 


Weight of ; Per cent. of 
substance, Sulphate. Barium. 1155 


8 27768 26912 157061 56:563 
A 2) . . 13997 1°3406 0°78825 56-560 
B(1) . 13942 1:3445 0°79054 56°703 
B(2) . . 0°8847 0°8480 0°49857 56˙360 


Estimation of Chlorine. 
-ý : l 
Wight of ee, Chinon, Fag oent. of 
rer . . 06579 0:7640 0°18900 - 28°72 
. . 0°8559 0:9970 024665 28°70 
B (1) . 08849 1:0344 0°25590 28°92 
1:3965 1:6344 0-404833 28°91 


(Ba- 137, Ag=108, S=32, O=16, Cl=35°5). 
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Hence ee 
Calculated, Dried tr vacuo. ists et Aas 
Ba . . §6°139 56:561 56:531 
Cl, . . 29098 28:912 28:710 
2H, 0. . 14754 14.527 14:795 


100°000 100-000 100-000 


From these analyses, and from the direction of their diver- 
gence from the theoretical composition of the salt, there can 
be no doubt about the composition of the salt ; nor is there any 
doubt that the water is present in simple molecular ratio. 
Accordingly the hydrated chloride of barium is admirably 
adapted for examination as to the conditions under which it 
gives up water. The only statement I can find in this respect 
is that the hydrated salt gives up the whole of its water at 
100° C. 

§ 185. A two-ounce flask with the lip cut, off was provided 
with a glass cap for use alone in the balance-case: the figure 
explains the rest. A given volume of air (measured by the 


quantity of water leaving the gasometer) is drawn in a given 
time over a thin layer of the hydrated salt, while the latter is 
heated to a given temperature. The air passes first through 
a long tube containing fragments of hydrate of potassium, and 
then through a tube containing glass and sulphuric acid. 

As the flask had to be left for half an hour in the balance- 
case every time before weighing, the above experiments occu- 
pied a few weeks. At the end of this time the flask was found 
to have lost 0°0017 gram. 
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Volume of air 
drawn through 
flask at uniform 

rate of 3300 
cubic centims. 
in 60 minutes. 


cub. cent. 
26400 
3300 


TARLE XLI. 
Substance = 4°1605. 


Loss by 3300 

Temperature. Loss. -| cubic bares 
17 0-0008 0 0001 
25 0-0000 0-0000 
40 0-0063 0-0063 
8 0.0073 0-0073 
: 0-0078 0-0078 
5 0-007 5 0:0075 
x 0-0075 0-0075 
ai 0.0071 0-0071 

„ 0.0052 00052 (in 45 
1 0.0078 0-0078 
” 0-0066 0-0066 
‘i 0.0062 0.0083 

” 0-0044 00044 (in 30’) 
3 0-0060 0-0060 
8 0.6412 0-0069 
: 0-0420 0.0070 
0.0846 0-0058 
” 0-0407 0-0068 
4 0-0340 0-0057 
7 0.0105 0-0085 
‘ 0.0044 0-0015 


x 0-0059 0-0009 
1 00000 0-0000 
60 0-0063 0-0011 
70 0-0099 0-0033 
70 0-0256 0-0043 
70 0-0090 0-0030 
50 0-0000 0-0000 
50 0:0000 00000 
60 0-0038 (+0013 
70 0-0210 0-0035 
55 0:0000 0-0000 
58 0-0000 0-0000 
59 0-0000 0-0000 
60 0-0038 0-0013 
70 0-0187 0-0031 
70 0-0259 0-0032 
70 00411 0-0034 
80 0-0239 0-0080 
90 0-0483 0-0161 
90 0:0358 0-0119 
80 0-015) 0:0050 
80 0-0182 0-0061 
60 0-0010 0:0003 
90 0-0021 | 0-0007 
100 0-0000 0-0000 
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Examining the final result as a direct determination of the 
whole of the water, I found that the 4°1605 grams had lost 
0:6087 gram, or 14°63 per cent., instead of the theoretical 
amount 14:75. 

The actual weight of water which a given weight of the salt 
lost at a given temperature in a given time has little interest, 
because it is conditioned by the attitude of the salt to the air- 
current in the flask, and it is also governed by therate. But 
points of very great interest are nevertheless presented when the 
above numbers are compared. The first loss, at 17° C., may pro- 
bably be attributable to the more complete drying of the salt, 
since no further loss was experienced at 25°. Starting at 40°, a 
considerable loss was experienced, which continued with very 
considerable regularity until the residue approached in com- 
position to the one-atom hydrate BaCl +H, O; the loss then 
suddenly diminished and abruptly stopped. The total loss ex- 
perienced by the 4°1605 grams of salt when this point was 
reached is 0°3009—that is, 7-21 per cent. As the percentage 
of water in BaCl,+H,O is 7°37, there can be no question 
that there is a difference in the strength of union of the two 
water molecules to the salt, or, more exactly, that it requires 
different physical conditions to separate aH,O from BaCl; 
than are sufficient to separate 8 H, O from a H; O, BaCl. 

At what minimum temperature the 8 molecule begins to be 
separated is missed in this Table: it lies somewhere between 
25° and 40°. But it appears that when the temperature is 
such that one molecule begins to be stirred, the whole of that 
molecule is removed if the current of dry air be continued. 
In the case of the chloride of barium, there is a range of tem- 
perature below 60° and reaching down to the above-mentioned 
minimum, in which the a molecule is fixed while the 8 molecule 
is removable. | | 

The minimum temperature required to disconnect the a mo- 
lecule is well marked. The salt having ceased to lose weight 
at 40° C., lost weight distinctly at 60°, and still more rapidly 
at 70°. On reducing the temperature to 50° no loss could be 
detected; at 60° the same as before, and at 70° the same as 
before. At 55° there was no loss, nor at 58°, nor at 59°; but 
at 60° the original loss was reestablished. And until the salt 
is becoming anhydrous, for each temperature there is a pretty 
constant loss, g 
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The anhydrous BaCl, thus obtained, when mixed with water, 
may raise the temperature from 19° to 38°. The solution is 
perfectly limpid and neutral. 

§ 186. In order to make a more systematic attack on the 
8 molecule, a fresh quantity was taken of the salt which had 
been dried in vacuo over sulphuric acid, and had then stood in 
air over sulphuric acid for three weeks. 


TABLE XLII. 
Substance =5°6462. 


oe of ant 

drawn throug 

at uniform rate | Temperature. Loss. 85 by 3300 
of 3300 cubic cubic centims. 


— 
1 


centims. in 15’. 


9900 96 0-0005 0002 | 
‘a 29 0-0012 -0004 
| K 32 0-0025 -0008 | 
: j 34 0-0053 0018 
| 4 36 0-0068 0023 | 
A 38 0:0089 -0030 
1 40 0-0129 0043 ! 
50 0-0236 0079 
16500 58 0:1450 
9900 53 0-0446 0149 
i 50 4 
: 45 0070 (in 30’) 
19800 55 ·5 0-0821 137 
j s 00192 
2 0-0023 -0007 
6600 jA 0-0014 0007 
19800 56 0-0074 0012 
9900 57 0-0029 0010 
1 57 0-0022 0007 
19800 57 0-0000 -0000 


It seems that the almost inappreciable loss at 26° is really 
continuous with the greater losses at higher temperatures. 
The loss at 25° having been shown in Table XLI. to be inap- 
preciable, we may consider the loss to begin between 25° and 
26°. It is observed that the rate in Table XLII. is four times 
as great asin Table XLI.; and a consequence of this is that, 
for given volumes at the same temperature (40°), the losses are 
absolutely and relatively to the quantity less in Table XLII. 
than in Table XLI., but not four times as small. Hence, 
as we might anticipate, at a given temperature and for a given 
volume more water is withdrawn by a slow current than by a 


— 
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quick one ; while in a given time more water is withdrawn by 
a quick current than by a slow one. Withregard to the first 
of these facts, it need only be remembered that the slow current 
becomes more saturated than the quick one. Although the 
cessation of loss is for both atoms sufficiently well marked and 
abrapt, the final balance of water is retained in both cases with 
considerable tenacity. | 

In the second series of experiments the flask preserved its 
weight exactly. The total loss on the 5:6462 grams was 0°4119 
gram, showing a percentage loss of 7:277. 

The whole analysis now stands as follows, allowing for the 
loss of the glass in the first series, for the salt dried over sul- 
phuric acid :— 


Calculated. 
Ba. . 56°56 56°14 
Cl. . 2891 29°10 
a H, O © C44 14°76 
BH,O . . 7:23 (T28 and 7°19) } 
100°14 100-00 


On mixing the body BaCl; +H, O with water a rise from 
21° to 27° (or 6°) was obtained. The anhydrous salt with 
water gave from 19° to 38° (or 19°). 

§ 187. Briefly to recapitulate concerning BaCl,+2H, O. 
At the ordinary barometric pressure, and in a current of air 
dried and freed from carbonic acid, one water molecule is re- 
moved at all temperatures above 25° C., the other at all tempe- 
ratures above 60°C. In the figure (p. 112) A shows the rates 
of loss of the 8 molecule in tenths of milligrams, the ordinates 
being proportional to such losses. The abscisse are the tempe- 
ratures. B shows the losses in like manner of the a molecule. 


Chromatic Value of other Media than Water. 


§ 188. There are few media besides water which dissolve 
metallic salts. Amongst the few glycerine stands preeminent ; 
and this liquid is indeed comparable with water itself in its 
solvent power. On account of this very solvent power, there 
appears to be at present no evidence of the replacement of water 
by glycerine in solid hydrated salts, similar to the replacement 
in siliceous jellies. Some glycerates (using the term homolo- 
gously with hydrates) are well-defined bodies enough ; and the 
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properties of some new ones will be described subsequently. 
Here I shall confine myself to the description of the effect upon 
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the colours of a few salt solutions, according as the solvent is 
water or glycerine. Being partially what is called“ colour- 
blind, I have, of course, availed myself of the services of my 
friends in describing the appearances presented. 

§ 189. Many are entertaining the idea of the relationship 
between the vibrating periods of the light-wave and the mass 
of the molecule, simple or compound, of the medium. The 
expression loading a molecule, by associating it with an- 
other more or less massive molecule, may perhaps be the most 
convenient term to apply to the cause of the increased period 
of oscillation which such association entails ; but, of course, 
any systematic obstruction to vibration, any drag, would have 
the same effect as the drag of inertia. 

§ 190. In some experiments relating to the “ wandering of 
the ions in jellies during electrolysis, which I had the honour 
of bringing before the Physical Society on the 16th of March, 
1878, I described the spreading of the acid and alkaline ions 
through the unmelted jelly. These results I do not publish, 
because a friend has had the great kindness to point out to me 
that many of the results which were then exhibited had been 
obtained several years previously by Dr. W. M. Ord. The 
experiments and speculations of Dr. Ord are contained in a 
very remarkable and suggestive series of papers contributed 
chiefly to the St. Thomas’s Hospital Reports“. Amongst the 
jellies which I then prepared but did not exhibit, was a stiff 
gelatine jelly saturated with sulphate of copper. This jelly 
was of a bright emerald-green by transmitted light. On ex- 
posure to the air of a portion which had not been subjected 
to electrolysis, the water gradually evaporated and the salt 
began to crystallize out. The form of the crystalline masses 
was curiously modified by the jelly. Rounded masses were 
formed, reminding one of my friends of the coccoliths of the 
deep-sea dredgings—another, of the mineral or uric concretions 


„ Some Experiments relating to Forms assumed by Uric Acid” (St. 
Thomas's Hospital Reports, 1870); “ An account of some Experiments 
relating to the Influence exercised by Colloids upon the Forms of Inorganic 
Matter” (St. Thomas’s Hospital Reports, 1871) ; “Studies in the Natural 
History of the Urates” (Rep. Microscopical Society, Jan 6, 1875); “On 
some Points in the Natural History of Uric Acid and Urates” (St. Thomas’s 
Hospital Reports, 1875); “ Urinary Crystals and Calculi,” &c. (Medico- 
Chirurgical Transactions, vol. lviii. March 9, 1875). 
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which occur in mucous media—and yet another, of “chlorite.” 
Whether there be, as is most likely, a common cause, a colloid 
medium, in all the three cases, I must not here discuss. The 
ultimate crystalline element is too minute for determination; but 
the elements of secondary form invariably re- 
semble (1). These elements are frequently 
linked two by two in one plane (2), or at right 
angles toone another (3). The convex sides 
are generally very deeply furrowed, so as to 
give the impression of their being four second- 
ray elements. These concretionscanbe picked (2) Y 
out of the jelly in which they form, like 
almonds out of a cake. So clean is their se- 
paration, and so feeble their blackening when 
heated with oil of vitriol, that they must be ©) 
regarded as homogeneous bodies free from 
gelatine ; and their composition is therefore 

of no common interest. Ten of these concretions, which 
are remarkably uniform in size, weighed 0°5024 gram; the 
loss on heating to 200° C. in an air-current was 0°1432 gram, 
showing 28'504 per cent. of water. This points to the formula 
CuSO, +3°5 H O; and, as I hope to show in my next com- 
munication, the subdivision of the water molecule in hydrated 
sulphate of copper, or rather the multiplication of the whole 
formula of that salt, does not admit of doubt. Here again we 
have evidence of the continuity of composition according to 
physical circumstances (compare § 142). But what a com- 
plete chain of difference of diffusive potential is here indicated, 
stretching from the first nucleus throughout the jelly! and 
how it suggests the diffusion and accretion of the matter of a 
crystalline mineral through a colloid and, perhaps, mechani- 
cally rigid mineral matrix ! 

To return to the green colour of the copper jelly. Gelatine 
is so complex a body, that although the formation of the blue 
crystals of the sulphate shows that there has been no general 
chemical change, yet there is no evidence of its entire absence. 
Glycerine was therefore next employed as a medium for the 
solution of various coloured salts. 

§ 191. Anhydrous sulphate of copper dissolves so abun- 
dantly in glycerine that the solution may be almost solid when 
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cold. There is no sign of crystallization ; but the solution at 
all strengths is a bright emerald-green. 

§ 192. Crystals of permanganate of potassium, when heated 
with glycerine, oxidize it with the escape of gus; but if cold 
glycerine is added to a cold saturated aqueous solution of the 
permanganate, a liquid is obtained, without evidence of che- 
mical change, which has been pronounced to be brownish 
yellow, amber, or, perhaps more accurately,“ raw-sienna.“ In 
view of the possible chemical change which may be incipient 
here, it is perhaps better to put this result on one side. 

§ 193. Chloride of cobalt, which in water gives the well- 
known pink hues according to its strength, gives with glyce- 
rine a beautiful carmine; this, when heated, is greatly enriched 
in its blue. When cooled ina carbonic acid cryogen, it acquires 
a yellowish tint. 

§ 194. Chromium potash alum, which in water gives the pale 
indigo of dilute ink, gives with glycerine an emerald-green. 

Whatever be the degree of intimacy of association between 
the glycerine and the salt, it appears, then, that this association 
does in all cases retard the light-wave period, or increases its 
length. The bluing of the cobalt-glycerine solution by heat, 
and its yellowing by cold also, are entirely in accord with the 
before-mentioned conception. It may be noticed also that the 
glycerine solution of a coloured salt is, as a rule, of a much 
richer colour than the aqueous solution of the same strength 
by weight or volume. 

I cannot but think that these results lend considerable sup- 
port to the idea mentioned in § 189, which idea has been so 
far fruitful in Abney’s hands that he has been enabled, by 
associating a metallic salt with a heavy molecule, to fit the 
vibrating period of a photographically sensitive film to the 
light which it is desired to record. 

I have to express my indebtedness to Mr. A. K. Huntington 
for the patience, zeal, and skill which he has shown in helping 
me in the work of the first half of this part (No. VI.) of my 
research. 
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XXX On the Transmission of Vocal and other Sounds by 
Wires. By W. J. MrLLAR, C. E., Sec. Inst. Engineers and 
Shipbuilders in Scotland. 


1. Object of Paper.—The object of the present paper is the 
description of a series of experiments made by the author upon 
the transmission of vocal and other sounds by wires, and the 
results obtained from those experiments. 

2. Transmission of Sound in general.—The transmission of 
sound by various media is familiarly illustrated from day to 
day; and the readiness with which these media are affected 
has been made the subject of many experiments. 

One familiar illustration of the transmission of sound from 
air to solids and thence back to the air is that which occurs in 
the vertical and horizontal partitions between rooms, such as 
partition walls and floor and ceiling spaces—the sounds origi- 
nating in one room being thus transmitted to the adjoining 
room without having recourse directly to air communication. 

From a consideration of the latter, as also from other phe- 
nomena, the author has for some time been convinced that 
vocal sounds might be transmitted by solid bodies, such as 
wires, and that to considerable distances. 

After several unsuccessful atttempts, the author during the 
month of January last, having occasion to use some fine 
copper wire, carried a portion of it out from the house to a dis- 
tance of about 20 yards, and attached a couple of pasteboard 
disks with low rims to the ends of the wire: the transmission 
of vocal sounds was then found to be easily effected, conversa- 
tion being readily carried on through this length of wire. 

Since that time the author has made many experiments with 
various combinations and under various circumstances. The 
principle upon which they all more or less appear to depend, 
so far as the rendering audible of the sounds, is that of the 
tuning-fork and sounding-box, in which the sound from the 
vibratory movements of a metal body is considerably intensi- 
fied when the body is placed upon a sonorous substance affect- 
ing the air in its vicinity. 
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3. Notes of some of the more important Experiments. 

(1) No. 23 copper wire was stretched between windows out- 
side of house, and attachments at right angles made to rooms 
through the windows. Speaking in one room was then heard 
in the other; the distance was about 20 yards. Pianoforte 
music was easily transmitted by placing an ear-piece inside 
the instrument and carrying the other end of the wire outside 
the house. | 

(2) No. 40 copper wire fitted up in a building, passing 
from room to room as per diagram below. Six attachments and 
angles. 


Distance about 50 yards. Conversation, singing, whistling, 
breathing, and the sound of a light C tuning-fork (2} inches 
in fork) readily transmitted. 

Various similar arrangements were also made in house from 
room to room, and finally carried to a distance outside, when 
all the above effects, as also the transmission of whispering, 
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were clearly demonstrated, the persons at either end being 
quite out of hearing in the ordinary manner. 

The communication was not limited to the persons at either 
end of the wire; additional connexions were occasionally made, 
when three or more individuals could communicate with each 
other. 

(3) Carried about 7 yards of No. 23 copper wire from one 
room through an adjoining one to a room beyond, the wire in 
its course passing below two doors shut above it, and for the 
most part in contact with the carpet, but fastened at the ends 
so as to produce some tension. Made two connexions of 
No. 40 copper wire at angles with the main wire; conversa- 
tion was then readily carried on, and all the phenomena 
already described produced. Subsequent experiments with 
No. 16 copper wire arranged as above were found to yield 
better results. 

A somewhat similar and equally successful experiment was 
made by carrying the same size of wire down stairs, passing 
below two doors and partly resting on carpet and wood. A 
positive advantage is gained by resting the heavy wire in 
this manner, the words being clearer and more distinct, and 
free from the rumbling sound occurring with a suspended wire 
free to move about. 

(4) Fastened No. 23 copper wire to telegraph-wire, made 
another and similar attachment 75 yards further on, but within 
two posts. Breathing, whistling, and tuning-fork sounds 
readily transmitted. 

(5) Carried the latter attachment to 150 yards, thus pass- 
ing one post. Breathing, whistling, singing, and the sound of 
the light C tuning-fork, formerly mentioned, readily trans- 
mitted. . No apparent loss though passing the support (the latter 
was of the usual china-ware cup with binding-wire). The 
speaking was not so distinct, although the different word- 
sounds were discernible. This can be accounted for by the 
fact that, as the poles were about 14 feet high, the attachment- 
ends were free to swing about, which, combined with the ex- 
posed situation of the main line, gave rise to a considerable 
vibratory action due to other causes than the vocal sounds. 
(See diagram, page 293.) 

(6) About 50 yards of No. 23 copper wire was laid out so 


OF VOCAL AND OTHER SOUNDS BY WIRES. 295 


as to rest partly on grass, and fastened up at the ends to pins; 
attachments were made, and vocal sounds transmitted: whis- 
tling and the tuning-fork sounds very clearly heard, although 
a high wind was blowing at the time. 


4. The Mouth- and Ear-pieces.—The mouth- and ear-pieces 
used in these experiments have been of various materials and 
forms. The materials tried have been pasteboard, wood, gutta- 
percha, india-rubber, parchment, iron, tin, and zinc. These 
have generally been arranged as disks or drums, having a 
more or less extended rim around them to confine the 
sounds. This rim has been of cylindrical, conical, and other 
forms. 

In general, greater volume of sound accompanied increased 
depth of rim; but the sounds were hardly so distinct as when. 
the rim was kept shallower. 

The wire was usually attached to centre of disk; but in 
some cases good results were got where the wire was led 
through a cylindrical hollow piece of wood and terminated 
close to the disk; indeed a hollow piece of wood without a 
disk did very well. 

As a rule, the effects seemed better when the wire was led 
outside of the house. 

High-pitched voices are more easily heard than deep strong 
yoices. 

In the experiments with the telegraph-wire one of the disks 
used was of thin sheet-iron 3$ inches in diameter. Set in a 
wooden rim about J inch deep, the wire was fastened into a 
small piece of wood, which in turn was cemented down to 
centre of disk. The tuning-fork sounds were very well heard 
with this arrangement; and one peculiarity was that, on the 
wooden fastening accidentally breaking away from the iron, 
the sounds could again be heard by holding the disk in one 
hand and pressing the wooden termination of the wire upon 
the disk with the other. 
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5. Wires.—The wires, as a rule, require to be more or less 
tightened up; but this varies with the heaviness of the wire. 

The sound is increased with a tight wire. 

The volume of sound appears to be increased with a heavy 
wire. Thus in the telegraph-wire about 3 inch thick, pro- 
bably No. 8, the sounds were stronger and fuller than in the 
thinner wires, and, probably owing to the high tension of the 
former, faint sounds were more readily transmitted: thus the 
accidental or intentional touching of the tuning-fork with the 
rim of the mouth-piece, causing a slight clicking sound, was 
distinctly heard through the ear-piece at a distance of 150 
yards—and this, even although the two attachments of copper 
wire were practically at right angles to the main wire, whereby 
part of the sound would pass away onwards up and down the 
line. 

6. The great delicacy of the action may be inferred from the 
fact that fine sand strewn upon the disk of the ear-piece is 
unaffected by conversation through lengths of about 7 yards. 
The sensitiveness also of the mouth-piece was shown by sounds 
not spoken into it being readily transmitted, such as coughing, 
laughing, or remarks made by persons standing beside the in- 
strument. Indeed, in some cases an advantage is obtained by 
keeping back from the mouth- or ear-pieces; and the author 
has sometimes thought an improvement was obtained by hold- 
ing the ear-piece slightly inclined to the ear. 

In all cases the individual voice could easily be distinguished 
though modified more or less by the structure and material of 
the mouth- and ear-pieces. 

The mouth- and ear-pieces were usually of the same form 
and material, and were therefore used for either speaking or 
hearing. Some forms, however, do better as ear-pieces, others 
as mouth-pieces. 

In conclusion, the author believes that many interesting 
physical questions may be studied by means of these arrange- 
ments, and that practical application may be made where com- 
munication of this nature is required. 
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XXXI. The Electrical Properties of Bees’-wax and Lead Chlo- 
ride. By W. E. AYRTON, Professor in the Imperial College 
of Engineering, Tokio, Japan. 

[Plate VIL] 


In the two papers by Prof. Perry and myself on Ice as an 
Electrolyte, recently read before the Physical Society, we 
showed that both the conductivity and specific inductive 


capucity of A increased regularly, without discon- 


tinuity, in passing from several degrees below the freezing 
point to several degrees above it. We drew attention to the 
fact that, in consequence of the absorbed charge in water 
being immeasurably greater than the surface-charge, we 
could not hope, by any method of experimenting, to properly 
compare the true specific inductive capacity with the index 
of refraction for light of infinitely long waves; so that, in 
fact, the only support that Prof. C. Maxwell’s electromagnetic 
theory of light could hope to derive from these experiments 


must be based simply on the fact that in em both the 


specific inductive capacity and the index of refraction increase 
as the temperature rises. At the meeting of the Society on 
November 3rd, at which the second of our two papers was read, 
Prof. G. Foster mentioned that he had recently been collecting 
all the results he could find connecting specific inductive 
capacity with index of refraction. I therefore beg to forward, 
as a contribution to this collection, the following results of 
some further experiments which I have been making on this 
subject. 

For the last two years my attention has been turned to wax 
as a good material for electrically testing, especially in regard 
to the connexion which, in our paper on the Viscosity of 
Dielectrics, communicated to the Royal Society, we pointed 
out existed between high specific inductive capacity and low 
specific resistance. I therefore had constructed a large con- 
denser, consisting of many sheets of letter-paper soaked 
in melted bees’-wax, with alternate sheets of tin-foil. After 
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the condenser was built up in the usual way, melted bees’-wax 
was poured in, the plates squeezed together, and the whole 
shut up in a fairly good water-tight wooden box. The con- 
denser was buried several feet under ground, to ensure uni- 
formity of temperature, connexion being made with the insu- 
lated coating by a piece of Atlantic-cable core, and with the 
other coating by a piece of bare copper wire. 

After this condenser had been buried for a short time 
underground, it showed the apparently abnormal condition 
of diminution of resistance by electrification. This pheno- 
menon then formed the subject for special investigation 
with this condenser, an account of the results obtained being 
given at the end of this short paper. 

As bees’-wax is one of the few substances in which the 
index of refraction for light increases in passing from the 
liquid to the solid state, it seemed important, in connexion 
with the electromagnetic theory of light, to carefully mea- 
sure the specific inductive capacity of a wax condenser as 
it was gradually cooled through the solidifying point. A 
small, shallow, clean copper box, 19 centims. long by 17 
centims. wide, was therefore lined with a sheet of letter-paper, 
0-036 centim. thick, previously well soaked in melted bees'- 
wax. A clean copper disk, 12°8 centims. in diameter, was 
placed on the top, weighted down, and the dish filled 
up with melted wax. This condenser, AB (fig. 1), was 
heated in an oil-bath, CD. E and F are holes for the 
insertion of thermometers, of which the bulbs were just 
above the wax condenser; G is an opening through 
which the insulated electrode H of the condenser may pro- 
trude without touching the oil-bath. A wooden stand, W W, 
supports the condenser in the middle of the bath; and a glass 
vessel V holds strong sulphuric acid to keep the inside space 
artificially dry. The bath is closed by a double door, which 
is made to fit well by a strip of leather inserted between it 
and the bath. 

The condenser having been inserted, the bath was heated to 
about 90° C., and kept at that temperature for some time ; the 
lamps were then removed, when the temperature fell very 
slowly. The capacity was then measured (several observations 
being made at each temperature) by charging the condenser 
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with 75 Daniell’s cells joined in series, and discharging it 
through an exceedingly delicate Thomson’s reflecting galva- 
nometer. The curves ABCD, E FG, HJ K (fig. 2) repre- 
sent the results obtained on three different days, distances 
measured parallel to O X representing temperature, the points 
O and X corresponding respectively with 0° C. and 100° C., 
and distances measured parallel to O Y representing capacity, 
the zero-line for capacity for the curves ABCD, E F G, 
being below OX by a distance equal to 3 of OY. For 
the curve HJ K the zero-line is OX. It will be seen at 
once that these curves, obtained on different days, do not give 
the same capacity for the same temperature (the numbers, 
therefore, that have been calculated for the specific inductive 
capacity are not given) ; but considering, first, the very small 
capacities that had to be measured, and, secondly, the difficulty 
of accurately determining the temperature of a non-heat- 
conductor like wax, even when enclosed in the oil-bath, the 
discrepancies in the curves are not to be wondered at. One 
fact, however, is very striking in all the three curves ; and that 
is the rise in capacity as the temperature very slowly falls 
from about 80° to 60° C., and the subsequent diminution in 
the capacity on a still further diminution of the temperature. 
Probably, had experiments on capacity been made when cooling 
from a much higher temperature, there would have been 
observed, first,a gradual diminution in capacity due to cooling 
down to about 80° C. (traces of this first diminution are seen 
in the portion A B of the curve A BC D); then we have the 
rise of capacity as the wax solidifies at about 60° C.; and, 
lastly, we see the subsequent rapid decrease on further cooling. 
Now this is precisely in agreement with the changes known 
to occur in the index of refraction for light; and hence the 
interest of these experiments. 

As there was always a small electromotive force in the wax 
condenser, and as the vibrations of the galvanometer-needle 
were, as usual, damped by the air-vane, I used for calculating 
the capacity the formula developed by Prof. Perry and 
myself for employment in such cases“, which is 
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A Test for determining the Position of a partial Discontinuity, 
without Earth-fault,’ by Professors W. E. Ayrton and John Perry, p. 12. 
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where Q is the quantity of electricity discharged through the 
galvanometer, H the horizontal intensity of the galvanometer- 
field, “ the half length of the needle, G the galvanometer- 
constant, P the periodic time of vibration, L the logarithmic 
decrement, 21 the first sudden swing on discharge, z, the 
deflection that would be produced by the small constant 
current, and which is equal to 


i T De, 
11D 


where 2, is the second swing and D the decrement. 

It might, of course, be at once objected that the rise in 
capacity as the wax cools from about 80° to 60° C. is perhaps 
not due to any change in the specific inductive capacity, but 
merely indicates that the distance between the copper plates of 
the condenser was slightly diminished by the wax shrinking 
on solidifying. This solution, however, is improbable, since, 
although a sudden expansion of the wax on solidifying (if 
such an expansion existed) might have separated the plates, 
it is unlikely that the contraction which really occurred 
could have brought them nearer together than the thickness 
of the paper by which they were separated when the wax 
was liquid. Nevertheless, partly to obtain additional evi- 
dence on this point, and partly to measure the specific 
resistance (or resistance per cubic centimetre) of bees’-wax 
at different temperatures, I made ten distinct sets of expe- 
riments, occupying many days, on the conductivity of wax. 
In these experiments the wax condenser was heated up to 
about 130°C., and a current sent through it with the 75 
Daniell’s cells in series. The temperature was kept constant 
at about 130° C. until the galvanometer-deflection had reached 
its maximum, when it was considered that the wax had ac- 
quired the temperature indicated by the thermometer. The 
temperature was then allowed to fall very slowly, and fre- 
quent readings of the galvanometer and thermometer were 
taken. The results obtained are shown on fig. 3, temperature 
being measured parallel to O X, the points O and X corre- 
sponding with 30° and 130° C.; distances measured parallel 
to OY represent conductivity on such a scale that for the 
curve L M, representing the conductivity between 115° and 
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65° C., OS corresponds with a resistance of 67,735 megohms 
per cubic centimetre ; and for the curves NP, QR (which 
are drawn on a larger scale) the distance OT represents a 
resistance of 186,000 megohms,—the zero-line for conductivity 
for all three curves being OX. The point P, corresponding 
to a resistance of 37,000,000 megohms per cubic centimetre, 
represents the lowest conductivity I was able to measure with 
certainty directly with the galvanometer. It may here be 
mentioned that such high resistances could be measured with 
the galvanometer, since one Daniell’s cell, through a resistance 
of 600 megohms, gave 130 scale-divisions deflection on a scale 
about 14 metre distant. The various curves obtained for con- 
ductivity between 115° and 65° C. agree so closely that they 
may all be represented by the one curve LM. The curves for 
the conductivity between 80° and 40° C. are all quite regular, 
but not all of exactly the same slope, the difference depending 
on the highest temperature to which the wax was heated before 
cooling on the particular day of experimenting, this being 
sometimes about 130° C. and at other times about 90° ©. All 
the curves, however, agree so closely that they are all contained 
between the two limiting curves N P and Q R shown in fig. 3. 
In no curve was there the slightest appearance of a rise of con- 
ductivity at the melting-point, which would probably have 
been obtained had the copper plates approached one another 
an appreciable distance on the wax solidifying. 

We may therefore conclude that in the previous experiments 
the rise in the capacity in solidifying indicates a true increase 
in the specific inductive capacity coincident with an increase 
in the index of refraction for light. 

As regards apparent increase of resistance by electrification, 
which, as mentioned, I observed during repeated experiments, 
extending over some months, with the wax condenser buried 
underground, the general conclusions arrived at were that 
not only did the conductivity usually increase by electrification, 
but that it steadily increased day by day—a result indicating 
that the wax was deteriorating, probably from damp penetrating 
through the joints of the wooden box in spite of leather having 
been inserted between the different parts of the wood before 
they were screwed together. This conclusion appeared to be 
correct, since, on digging up the condenser and keeping it 


302 PROF. W. E. AYRTON ON THE ELECTRICAL 


near a fire for many days, it regained its original high 
resistance. The damp must therefore not only have entered 
through the joints in the wood, but through some small cracks 
that were observed in the mass of wax when the condenser 
was opened ; and it was probably due to this damp that the 
peculiar effects of polarization were observed similar to those 
noticed by the Comte du Moncel when testing stones, and by 
Mr. T. Warren in certain insulating oils. 

I now made a number of experiments with lead chloride as 
a dielectric—a substance to which my attention was especially 
drawn by some remarks of M. Buff in Ann. Chem. Pharm. ex. 
p. 258 (1859), in which he says that this substance conducts 
electricity like a metal (that is, without decomposition)—a 
conclusion, however, which at first sight would appear to be 
negatived by certain experiments of M. Wiedemann published 
in Pogg. Ann. cliv. 318-320, from which he found that the 
resistance of lead chloride diminished by increase of tempe- 
rature. 

I first had made a small carbon box containing a carbon 
plate, but prevented from touching it by three small pieces of 
clean glass. The carbon plate had a carbon electrode attached 
to it, the whole being cut out of a solid piece of carbon so as 
to have the shape of aninverted T. Into the box lead chloride 
was poured in a fused state until it covered up the plate, but 
leaving the carbon electrode of the plate protruding for con- 
nexion with the battery. The whole was then allowed to cool 
very slowly. The outer part of the carbon box and the end 
of the carbon electrode were now electrotyped, and copper 
wires soldered on, the junctions of the carbon and copper being 
quite clear of the lead chloride. 

With this condenser the results given on the next page were 
observed. 

In addition to the resistance of the condenser being mea- 
sured while the battery was connected, time-readings were 
also taken with the galvanometer of the discharge from the 
condenser after the removal of the battery, as well as time- 
readings with an electrometer of the electromotive force in 
the condenser producing the discharge. As, however, the 
diminution in the discharge-deflection was in each case quite 
regular, the curves are not given. 
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It is interesting to observe in the Table (p. 303) that in 
every case there is a diminution of resistance by electrification, 
although in some cases there was an increase during the first 
minute. Looking at the first group of tests, taken between 
November 13th and 15th, we see a gradual increase in the 
resistance day by day. Looking also at the second group 
made between November 21st and December Ist, we likewise 
see a steady daily increase in the resistance ; but in the interval 
between November 15th and 21st, when no tests were made , 
there appears to be a decided diminution in resistance. Con- 
sidering, however, that the tests taken on November 13th, at 
the beginning, and on December Ist, at the end of the inves- 
tigation, give almost identical results, it cannot be conclude d 
with certainty that there was any decided deterioration taking 
place in the lead chloride. But on breaking up the condenser, 
the lead chloride was found to contain many small holes ; so 
that it is possible that damp may have collected in these. 
This solution, however, would at first sight appear to be rather 
improbable ; since the condenser, both when being tested and 
when not tested, remained in an atmosphere kept partially dry 
with sulphuric acid. 

Some fresh lead chloride was prepared in the same way as 
before—that is, by precipitating from a solution of lead acetate 
with a solution of common salt, and carefully washing the 
precipitate several times with distilled water. But the new 
condenser, made with the carbon box and plate, was found to 
have a resistance of only two megohms at 16° C.; and, unlike 
what was experienced in the former case, the resistance in all 
the experiments was now found to increase by electrification. 
This, however, is probably explained by the fact that, whereas 
in the previous case thirty volts electromotive force was used, 
now only one volt was employed; so that decomposition 
(whether of the lead chloride itself, or of the damp which after 
decomposition may act on the chloride) was probably not pro- 
‘ duced, Some preliminary temperature-tests were now made; 
and, in accordance with Wiedemann’s results, I found that 
the resistance diminished with elevation of temperature. 

The condenser was now left in an atmosphere dried with 
sulphuric acid from December 21st to January 7th, when it 
was found that the resistance had increased to about 15-6 
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megohms at 70°C. A large number of measurements of the 
conductivity at different temperatures, using the same oil-bath 
for raising the temperature as is shown in fig. 1, were now 
made. The different experiments gave results so nearly 
agreeing that they may all be represented by the curve ST V 
(fig. 4), in which distances parallel to O X represent tempe- 
rature, the points O and X corresponding to the tempera- 
tures 0° and 100° C. respectively; and distances parallel to 
OY represent conductivity on such a scale that the point T, 
corresponding to a temperature of 70° C., represents a re- 
sistance of about 15-6 megohms. The curve is approximately 
logarithmic; that is, the ratio of the difference of the 
logarithms of the conductivities to the difference of tempera- 
tures is approximately constant. 

Thinking that possibly the method previously employed for 
making the lead chloride, by precipitating it from a solution of 
lead acetate with a solution of common salt, may have intro- 
duced traces of some salt of lead other than the chloride, the 
following method was now employed for making another 
supply of the chloride. From a clear solution of lead nitrate 
a precipitate was formed with colourless hydrochloric acid, 
and the precipitate well washed with distilled water. A third 
condenser was now constructed, three small pieces of glass 
0°225 centimetre thick being used to separate the carbon 
plate from the box. The connexions with the box and plate 
were made as before, by first electrotyping the carbon with 
copper and then soldering on copper wires, the junctions of 
the carbon and copper not being in contact with the lead 
chloride. A condenser was also made with a copper box and 
a copper plate, the two being well coated with graphite to 
protect them from the action of the lead chloride, and separated 
from one another by three small pieces of glass 0°135 centi- 
metre in thickness. 

Tests of conductivity were now made at different tempera- 
tures with both condensers, 0'075 volt being employed with 
the carbon and 7°5 volts with the copper condenser, or some- 
times 2°2 volts with the latter. With the carbon condenser 
and with the smaller electromotive force the resistance was 
found to increase with electrification, whereas with the copper 
condenser and with the electromotive force 2°2 volts the re- 

24 2 
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sistance diminished with electrification, and with 7:5 volts this 
diminution became much more rapid, these results being 
observed at both high and low temperatures. In the earlier 
experiments with this copper condenser the diminution was 
regular, whereas later on it proceeded irregularly ; but on the 
whole it may be said that when an electromotive force not 
exceeding 12 volt was employed there was an increase in 
resistance by electrification, such as is usually experienced with 
gutta-percha and with ordinary dielectrics, while when the 
electromotive force exceeded this limit there was either a 
regular or an irregular diminution of resistance by electrif- 
cation—the results apparently not depending much on whether 
carbon or copper coated with graphite was used for the plates 
of the condenser. 

As this limiting electromotive force appears to be about the 
same as that necessary to decompose water, I think we may 
fairly conclude that the diminution in resistance is due to a 
decomposition of the damp (which appears to be contained in 
the lead chloride even when careful means are taken to dry 
it), and to the products of the decomposition acting on the 
chloride. Fig. 5 shows four electrification-curves, A A A, 
BBB, CCC, DDD, obtained from four successive experiments 
with the carbon box, and corresponding with the temperatures 
15°C., 57° C., 14° C., 61° C. respectively. Time is measured 
parallel to O X, the points O and X corresponding to the 
moment of applying the battery, and to 50 minutes afte 
wards; conductivity is measured parallel to O Y from the line 
O X of zero conductivity. The curves BBB and DDD, for 
57° C. and 61° C., are drawn on a vertical scale five times 
smaller than that employed for A A A and C C C—the scale for 
time, however, remaining the same. All the tests from which 
these curves are drawn were made with 0:075 volt electro- 
motive force. The curves aaa, bbb, ccc, fig. 6, are the dis- 
charge-curves obtained in the three above experiments for 
15° C., 57° C., and 14° C., observations of the discharge in the 
experiment for 61°C. not having been taken. The scale both 
for conductivity and for time is the same exactly as that 
employed in the curves A A A, CCC, fig. 5. All the curves 
show a regular increase of resistance with electrification, the 
increase being far more rapid at a high than at a low tempe- 
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rature. As was seen from the curve S T U, fig. 4, so also from 
fig. 6 we learn that the conductivity is much greater at a high 
than at a low temperature ; and we also see from the curves 
AAA, BBB, CCC, DDD, that the general effect of testing 
day by day appears to lower the conductivity. 

Electrification-curves E E E, FF F, d G G, HHH, fig. 7, 
were obtained from four successive tests with the copper-box 
condenser, and correspond with the temperatures 15°C., 60°C., 
13° C., 61° C. respectively. Time is measured parallel to O X, 
the points O and X corresponding to the moment of apply- 
ing the battery; and 50 minutes afterwards conductivity is 
measured parallel to O Y from a zero as far below O X as the 
point Y is above. Curve FFF is on a scale for vertical 
distances one twentieth of that employed for the curves E E E 
GGG, and H HH on a scale one fifth of that used with 
E E E, G GG: that is to say, if the same scale were employed 
for vertical distances for all four curves, the two for the higher 
temperatures would be far above those for the lower tempera- 
tures—in fact, would be off the paper altogether. For hori- 
zontal distances (that is, for time) the same scale is employed 
for all the curves. An electromotive force of 7°5 volts was 
employed with all the experiments from which these four 
curves were drawn. Although the curves are irregular, still, 
on the whole, there is an increase of conductivity or diminution 
of resistance with electrification ; and that this is probably due 
to the chemical action of the current referred to above is shown 
from the irregularity of the discharge-curve ggg obtained 
after removing the battery in the test at 15°C. Curve Ahh, 
however, which is the discharge-curve for the test at 61°C., 
does not show any such irregularity ; but then it must be 
noticed that H H H, the charge-curve for this temperature, 
indicates on the whole rather an increase than a diminution 
of resistance by electrification. 

I have to thank three of my students, Messrs. Asano, Fu- 
jioka, and Nakano, for valuable assistance rendered during 
the course of this investigation. 
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XXXII. Recent Researches in Solar Chemistry. 
By J. N. Lockyer, F. R. S.“ 


THE work which is now being done in the various new 
fields opened up in connexion with solar studies may be 
conveniently divided into three perfectly distinct branches. 
We have, first, that extremely important branch which has for 
its result the complete determination of the position of every 
thing which happens on the Sun. This, of course, includes a 
complete cataloguing of the spots on the sun which have been 
observed time out of mind, and also of those solar promi- 
nences the means of observing which have not been so long 
within our reach. It is of the highest importance that these 
data should be accumulated, more expecially because it has 
been determined that both in the case of spots and promi- 
nences there are distinct cycles, which may in the future be 
very much fuller of meaning to us than they seem to be at 
present. 

This brings me to refer to the second branch of the work ; 
and it is this :—These various cycles of the spots and promi- 
nences have long occupied the attention both of meteorologists 
and magneticians ; and one of the most interesting fields of 
modern inquiry, a field in which very considerable activity has 
been displayed in the last few years, is one which seeks to connect 
these various indications of changes in the sun with changes in 
our own atmosphere. The sun, of course, is the only variable that 
we have. Taking the old view of the elements, we have fire re- 
presented by our sun, variable if our sun is variable. Earth, air, 
and water, in this planet of ours we must recognize as constants. 
From this point of view, therefore, it is not at all to be won- 
dered at that both magneticians and meteorologists should 
have already traced home to solar changes a great many of 
the changes with which we are more familiar. This second 
branch of work depends obviously upon the work done in the 
first, which has to do with the number (the increasing or de- 
creasing number) of the spots and prominences, and the vari- 
ations of the positions which these phenomena occupy on the 
surface of the sun. As a result of this work, then, we shall 
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have a complete cataloguing of every thing on the sun, and a 
complete comparison of every thing on the sun with every me- 
teorological phenomenon which is changeable in our planet. 
When we come to the third branch of the work, the newest 
branch, things are not in such a good condition. The workers 
are too few ; and one of the objects of any one who is inter- 
ested in this kind of knowledge at the present moment must 
be to see if he cannot induce other workers to come into the 
field. The attempt to investigate the chemistry of the sun, even 
independently of the physical problems which are, and indeed 
must be, connected with chemical questions, is an attemps 
almost to do the impossible unless a very considerable amount 
of time and a very considerable number of nien be engaged 
upon the work. If we can get as many workers taking up 
various questions dealing with the chemistry of the sun as 
we find already in other branches, I think we may be certain 
that the future advance of our knowledge of the sun will be 
associated with a future advance of very many problems which 
at the present moment seem absolutely disconnected from it. 
I have today to limit myself to this chemical branch of the 
inquiry ; and first let me begin by referring to the characteris- 
tics of the more recent work with which I have to deal. Here, 
as in other branches of physical and chemical inquiry, advance 
depends largely upon the improved methods which all branches 
of the science are now placing at the disposal of all others. 
Our knowledge of the chemical nature of the sun is now being 
as much advanced ‘by photography, for instance, as that de- 
scriptive work of which I spoke in the first instance (which 
deals with the chronicling and location of the various phe- 
nomena) has, in its turn, been advanced by the aid of photo- 
graphy. I do not know whether the magnificent results 
recently obtained by Dr. Janssen have been brought before 
this Society ; but the increase in photographic power recently 
secured by Dr. Janssen is one which was absolutely undreamt 
of only a few years ago. It is now possible to record every 
change which goes on on the sun down to a region so small 
that one hardly likes to challenge belief by mentioning it. 
Changes over regions embracing under one second of angular 
magnitude in the centre of the sun’s disk can now be faith- 
fully recorded and watched from hour te hour. : 
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One of the advantages which has come from the introdue- 
tion of the new apparatus has been the possibility of making 
maps, on a very large scale, of the solar lines and of the me- 
tallic lines which have to be compared with them. Thanks to 
the great generosity of Mr. Rutherfurd, who is making the most 
magnificent refraction-gratings which have ever been seen, 
and who is spreading them broadcast among all workers in 
science, one has now easy means of obtaining with inexpen- 
sive apparatus a spectrum of the sun, and of mapping it on 
such a scale that the full magnification of the fine line of 
light which is allowed to come through the slit will form a 
spectrum the half of a furlong long: an entire spectrum on 
this scale, when complete (as I hope it some day will be, 
though certainly not in our time) from the ultra-violet, already 
mapped by Mascart and Cornu, to the ultra-red, which has 
quite recently for the first time been brought under our ken 
by Captain Abney, will be 315 feet long. This is a consider- 
able scale to apply to the investigation of these problems; but 
recent work has shown that, gigantic as the scale is, it is really 
not beyond what is required for honest patient work. I have 
already had an opportunity of bringing before the Physical 
Society several of the methods in use for comparing the spectra 
of the various elementary bodies with that of the sun. It is not, 
therefore, necessary now to refer to them. There are, however, 
others of recent application which are of very considerable 
Importance. 

When, instead of inquiring into the coincidence of the me- 
tallic lines, we wish to determine the coincidence of the lines 
due to various gases, the method hitherto employed has been 
to enclose the gases in Geissler tubes, to reduce their pressure, 
and in that way to fine down the lines. The importance of 
this apparently small matter can be very well demonstrated by 
an experiment easily arranged in an electric lamp, which sodium 
enables us to perform without any great difficulty. The point 
of this experiment is that, if we vary the density of any vapour, 
we vary sometimes to a very considerable extent the thickness 
and intensity of the lines. I am about to throw the spectrum 
on a small screen which I have behind the lamp ; and I hope 
I shall succeed in rendering the phenomena visible. I want 
von to observe the variation in the thickness of the reversed 
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line of sodium. Every turn of the screw which raises or 
lowers the upper pole, enables me to vary to a very consider- 
able extent indeed the thickness of that absorption-line. 

Now the way in which that has been managed is very simple. 
The only arrangement required is one which shall enable me 
at will to vary the density of the sodium-vapour. When I 
make the sodium-vapour as dense as possible, then the line is 
very thick. When I make it much less dense, the line becomes 
thinner. If the spectrum on the screen had been a gas-spec- 
trum (supposing it were possible to exhibit a gas-spectrum to 
an audience), the exact equivalent of that experiment would 
have been, that the gaseous spectrum at atmosphere pressure 
would have given us most of the lines as thick as the sodium- 
line was at its thickest; while if by any possibility we could 
have rendered the phenomena visible while the pressure was 
being reduced, as the pressure of the gas was reduced the 
line would thin. Now there are very great objections to the 
using of Geissler tubes. One very valid objection is that the 
gas becomes much less luminous as its pressure is reduced. 

Here is a method which is excellent in this way, that it en- 
ables all the work connected with gaseous spectra to be done 
at atmospheric pressure, and we get the line down as thin as we 
choose, not by reducing the pressure, but by reducing the quantity 
of gas ina mixture. If we take, for instance, a spark in ordi- 
nary atmospheric air and observe its spectrum, we find the lines 
of the constituents of atmospheric air considerably thick ; but 
if I wish to reduce the lines, say of oxygen, down to a consi- 
derable fineness so that I can photograph its lines (these should 
be fine,in order to enable me to determine their absolute posi- 
tion ; to accomplish this) the spark is made to pass in a glass 
vessel with two adits and one exit tube. If I wish to observe 
the oxygen-lines fine, I flood the vessel with nitrogen so that, 
say, there is only 1 per cent. of oxygen present, and observe the 
current between the enclosed electrodes. If I wish to observe 
nitrogen-lines fine, I flood it with oxygen, so that there is 
only 1 per cent. of nitrogen present. In this way, by merely 
making an admixture in which the gas to be observed is quan- 
titatively reduced, so that the lines which we wish to investi- 
gate are just visible in their thinnest state, we have a perfect 
means of doing this without any apparatus depending on the 
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use of low pressures ; and those who have worked most with 
Geissler tubes will appreciate the very great simplicity of work 
which is thus introduced. 

Another important application of spectroscopic theory re- 
cently applied to the investigation of the chemistry of the sun 
is this :—Assume that the spectrum of any substance is not a 
pure spectrum of that substance, but of that substance as it 
generally exists in an impure state. 

The spectrum will be found rich in lines; and when very 
considerable care is employed, one may go away with the idea 
that in iron, for instance, all the lines which are observed in 
the spectrum of iron coincident with Fraunhofer lines repre- 
sent coincidences in the case of each line with iron in the sun 
and iron in our laboratory. But the more the work is carried 
on, the more one finds that the complex spectra which are ob- 
served are really much more simple when all the impurities 
are taken into account. 

In the region of the solar spectrum, for instance, recorded 
on the map exhibited we have a great many iron-lines ; but 
before the method of determining impurities was utilized, the 
spectrum was very much richer than it is at present; possibly 
one fourth of the lines have been withdrawn. In every specimen 
of iron which has been used in this work the lines of calcium, 
aluminium, and some of the lines of manganese and cobalt have 
been represented ; and no chemist will wonder at this result. 
But there is a very curious thing which chemists, I think, will 
wonder at. In this part of the spectrum there were two lines 
which, by their thickness both in the solar and iron spectra, 
seemed undoubtedly to belong to iron ; but further inquiry led 
to this extraordinary result—that one of these lines in all proba- 
bility has its origin in the vibration of molecules of tungsten, 
the other being probably a line of molybdenum. Glucinum 
is another metal which may be referred to in this connexion; 
and it would appear that it is almost impossible to get a spe- 
cimen of iron which does not contain, not only calcium and 
aluminium, but others which we consider rare metals on the 
earth, such as tungsten, molybdenum, and glucinum. 

„A few years ago, taking the work of Kirchhoff, Bunsen, 
Angström, and Thalén into consideration, and connecting it, 
so fur as one could connect it, with those ideas of which recent 
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eclipses have been so fruitful, our chemical view of the sun’s 
atmosphere was one something like this :—We had, let us say, 
first of all an enormous shell of some gas, probably lighter 
than hydrogen, about which we know absolutely nothing, 
because at present none of it has been found here ; inside this 
we have another shell, of hydrogen ; inside this we have another 
shell, of calcium, another of magnesium, another of sodium, 
and then a complex shell the section of which has been called 
- the reversing layer, in which we get all the metals of the 
iron group plus such other metals as cadmium, manganese, 
titanium, barium, and soon. The solar atmosphere, then, from 
top to bottom, consisted, it was imagined, of a series of shells, 
the shells being due not to the outside substance existing only 
outside, but to the outside substance extending to the bottom 
of the sun’s atmosphere, and finding in it at a certain height 
another shell, which again formed another shell inside it, and so 
on; so that the composition of the solar atmosphere as one 
went down into it, got more and more complex: nothing was 
left behind ; but a great many things were added. 

The recent work, so far as I am acquainted with it, has not 
in any way upset that notion; but what it has done has been 
to add a considerable number of new elements to this reversing | 
layer. Instead of consisting of 14 elements, as it was then 
found to do, it may be, I think, pretty definitely accepted now 
to consist of about thirty. | 

The metals considered to be solar as the result of the 
labours of Kirchhoff, Angstrém, and Thalén together with 
the considerations brought forward regarding the length of the 
lines, were as follows: — 


Na Fe Ca Mg Ni 
Ba Cu Zn Cr Co 
H Mn Ti Al 


Those more recently added, with the evidence by which 
their existence in the solar atmosphere is rendered probable, 
are as follows (in the Tables, pp. 315-317). 

It is important to bear in mind that the lines recorded in 
these Tables are in most cases the very longest visible 
in the photographic region of the respective spectra ; in some 
cases they are limited to the region 39-40, which I have more 
especially studied ; so that the fact of their being reversed 
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in the solar spectrum must be considered the strongest evi- 
dence obtainable in favour of the existence in the sun of the 
metals to which they belong, pending the complete investiga- 
tion of their spectra. 

Where, however, there is only one line, as with Li, Rb, &c., 
the presence of these metals in the sun’s reversing layer can, 
for the present, only be said to be probable. Neither must it 
be forgotten that, in addition to the long lines which a spec- 
trum may contain in the red, yellow, or orange, long lines 
may exist in the hitherto unexplored ultra-violet region ; so 
that the necessity for waiting for further evidence before de- 
ciding finally upon the presence or absence of such metals in 
the sun will be rendered obvious. 

It will be thought remarkable that, if the long lines of such 
metals as lithium and rubidium are found in the photographic 
region of the spectrum, the long lines Li W.L. 6705, Rb 
W. L. 6205 and 6296 should have escaped detection. 

To this it may be replied that, although these red lines may 
be apparently the brightest to the eye, it by no means follows 
they are the longest, since they are situated in a part of the 
spectrum which affects the visual organ more strongly than the 
photographic region does. It is possible also that the reason- 
ing I have lately used in a paper communicated to the Royal 
Society, on the spectrum of calcium, may be applied in these 
cases. 

Since a sensitized film is affected by some rays more strongly 
than by others, in determining the lengths of lines from a pho- 
tograph it is not fair to compare together portions of the 
spectrum separated by too great an interval. 

Furthermore, the fact of these red lines having been over- 
looked in the solar spectrum is not conclusive proof of their 
absence, inasmuch as this portion of the spectrum is both 
brighter and less refrangible, and a greater degree of disper- 
sion would be necessary when prisms are employed to render 
visible faint dark lines which are easily detected in the photo- 
graphic region. 

At present, then, out of the fifty-one metals with which 
we are acquainted here, more than thirty are known to exist 
in the sun with more or less certitude. Now it was a very 
remarkable thing that although such metalloids as carbon and 
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sulphur, iodine, bromine, and the like, had been very dili- 
gently searched for, no trace whatever had been found of 
them, giving any evidence that they existed together with the 
metals in these zones (these shells) to which I have referred. 

Some years ago evidence was brought forward of the pos- 
sible existence of the metalloids as a group outside the metals ; 
and the evidence for this suggestion was of the following 
nature:—Independently of any questions connected with solar 
physics, I think all students of science now agree that the 
vapours of the various elementary bodies exist in different 
molecular states ; if these different molecular states are studied 
by means of the spectroscope, perfectly different spectroscopic 
phenomena present themselves. If we use a large coil, we 
can drive every chemical substance with which we are 
acquainted, including carbon and silicon, into a molecular 
grouping competent to give us what is called aline spectrum, 
the spectrum with which we are most familiar when we use 
metals or salts of metals in the electric arc. 

If, however, other conditions are fulfilled; if these bodies 
are not so roughly handled—if, in other words, we employ a 
lower degree of heat, or if we use electricity so that we get 
quantity instead of tension, then these line spectra die away 
altogether, and we have a spectrum, so called, of channelled 
spaces or flutings. Perhaps it will be convenient that I should 
throw one of these spectra on the screen, and point out exactly 
the difference to which I refer. I will first call attention toa 
line spectrum. Those lines are due to the vibrations of mole- 
cules of calcium and aluminium. The flutings which I now 
throw on the screen are perfectly different in appearance ; 
in this case they have been produced by the vibrations of 
carbon at exactly the same temperature at which we get the 
line spectrum from aluminium and calcium. 

Now, while we got these thirty-three metals to give us line 
spectra coincident with Fraunhofer lines, the only evidence 
(very doubtful evidence) of the existence of the metalloids in 
the sun at all, depended on the fact that, in the case of iodine 
and chlorine, some of the channelled spaces observed in their 
spectra at a very low temperature were imagined to be traced 
among the Fraunhofer lines in the spectrum of the sun. It 
is four years ago since evidence was gathered of a more con- 
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clusive kind in the case of carbon. The kind of evidence will 
be sufficiently indicated by throwing a comparison of the solar 
and carbon spectra on the screen. Below we have the bright 
flutings due to carbon-vapour ; and above the solar spectrum 
this photograph includes a part in the ultra violet. When this 
negative is placed under a magnifying-glass, we find that 
most of the very delicate lines constituting the fluting in the 
bright portion have their exact equivalents among the Fraun- 
hofer lines. This is the best-established piece of evidence, so 
far as I know, which seems to indicate that we have truly some 
of the metalloids present in the atmosphere of the sun by 
the coincidence of their spectra with the Fraunhofer lines. 
Further, carbon at all events exists under such conditions that 
its molecular structure is very much more complex than that 
of the metals in the reversing layer; and therefore it is pro- 
bably withdrawn from the excessive heat of the lower region oc- 
cupied by the reversing layer, which is competent, as we know 
from from other considerations, to drive even carbon and silicon 
into the line-stage, supposing carbon and silicon to be there. 
This branch of the work to which I have just referred, a 
branch which enables us to say that such a temperature must 
exist in such and such a region of the solar atmosphere, de- 
pends, in the main, upon questions raised by the differences 
between the spectra of certain bodies in the sun and in our 
laboratories. If, for instance, one wishes to observe the coin- 
cidence between, let us say, iron and the sun, iron is placed 
in the electric lamp ; its spectrum is photographed : side by 
side with it we have the spectrum of the sun also photo- 
graphed ; and, as a rule (I say as a rule ; but this is not abso- 
lute in the case of such metals as iron), the intensity of 
the iron-lines which we get in our laboratories is equivalented 
by the intensity of the so-called iron-lines which we assume to 
exist in the spectrum of the sun. That is the great argument, 
in fact, for the existence of iron in the sun. But when we 
leave the iron group of metals, we find others in which this 
coincidence, this great similarity of intensity from one end of 
the spectrum to the other, is very considerably changed. We 
get in the case of calcium very thick lines of calcium corre- 
sponding with very thin lines in the sun, and we get thin lines 
of calcium corresponding with very thick lines in the sun. In 
VOL II. 2 B 
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fact, the two thickest lines which have already been mapped 
in the spectrum of the sun are lines due to calcium. If we 
photographed the spectrum of calcium with a very weak arc in 
that electric lamp, they would scarcely be visible at all. If. 
however, we pass from the tension of the arc to the tension 
which is obtainable with the use of a very large coil, then we can 
make the spectrum which we get artificially correspond exactly 
with the spectrum with which the sun presents us naturally ; 
and the more we increase the tension (the larger the coil and 
the larger the jar we employ), the more can we make onr ter- 
restrial calcium vibrate in harmony, so to speak, with the cal- 
cium which occupies a very definite region in the atmosphere 
of the sun. Now this gives us this very precious teaching:— 
We know that the vapour of calcium occupies such and such a po- 
sition in thesun; we know that to get the two things in harmony, 
as I said before, we must employ a very large induction-coil; 
and we know, again, that if we do employ a large induction- 
coil, all these beautiful flutings in the carbon-spectram which 
have been thrown on the screen disappear utterly. That kind 
of carbon is no longer present in the reaction ; but instead of 
it we have a new kind of carbon which is only competent to 
give us bright lines. We know, fourthly, that those bright lines 
do not exist reversed in the spectrum of the sun. Therefore 
the carbon must exist higher than the calcium, in a region of 
lower temperature. 


In what I have said up to the present moment (and I have 
just touched very slightly on the physical side of the work, 
because I believe that in the future it will be most rich in 
teachings of the kind I have indicated), I must remind you 
that I have dealt solely with the Fraunhofer lines. Now it is 
knowledge ten years old, that if we observe the solar spectrum 
with that considerable dispersion which is now, I think, impe- 
rative if we are to do much good with it, there are bright lines 
in the ordinary solar spectrum side by side with the dark ones. 

In a paper communicated to the Royal Society in 1868 I 
find these words: — Attention has recently been drawn to cer- 
tain bright regions in the ordinary spectrum.” The position 
of these bright lines in the ordinary spectrum was then stated, 
and attention was called, among others, to one between ù and 
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F. I call especial attention to that line now because the re- 
quisite amount of dispersion is now so common that any one, 
whenever the sun shines, may turn to ö and see that bright 
line for himself. It will be found just as much outside the 
fourth line of b as the third line is on the other side of it. 
This bright line, lying in the most visible part of the spectrum, 
is exactly similar to many others, some of them in the yellow 
and some of them in the red. A careful list of these lines 
was made some years ago; and, [ am sorry to say, the list 
was unfortunately lost by one of my assistants in a Metropo- 
litan Railway-carriage ; at all events, enough was said in this 
and other countries about these bright lines in the years 1869 
and 1870 to have given rise, at all events, to the hope that 
any one interested in solar physics would be perfectly familiar 
with them. Among other matters which called attention to 
their existence was a correspondence which took place in the 
Comptes Rendus of the Academy of Sciences in Paris between 
Father Secchi and another observer in connexion with solar 
spots. I have remarked that a large dispersion is requisite to 
see these bright lines, because with a small dispersion bright 
regions of another kind in the solar spectrum are very obvious. 
When this small dispersion, however, is changed for a large 
one, one sees that these bright regions in the solar spectrum 
are due to the absence of fine lines; and, indeed, if one ob- 
serves the solar spectrum with considerable dispersion through 
a cloud which prevents the fine lines from being seen, then 
there is a very considerable relative diminution in the intensity 
of some parts of the spectrum, and a very considerable rela- 
tive increase in others, where these very fine lines are present 
and absent relatively, so as to give rise to the appearance of a 
very considerable change indeed in the background of the 
spectrum. 

When, however, a very considerable dispersion is employed 
and photography is brought into play, if precautions be 
taken to give sufficient exposure, these bright regions, as op- 
posed to the bright lines, entirely disappear. I have here, by 
the kindness of two friends, Mr. Rutherfurd and Captain 
Abney, the means of showing you exactly what I mean. A 
Rutherfurd grating containing 17,000 lines to the inch has 
been used as a means of obtaining the spectrum ; and the film 
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employed was kindly put on the plate for me by Captain 
Abney himself. We find, now, that Mr. Rutherfurd has 
given us an engine of such enormous power that the fine- 
ness of the collodion film is entirely distanced ; that is to say, 
we can get from these perfect gratings spectra so extremely 
fine and so full of detail, that they can be enlarged until the 
structure of the ordinary collodion comes in and prevents a 
fine picture. But if instead of the ordinary collodion process, 
those which are being worked out with such success by Cap- 
tain Abney be employed, then it appears that the film is as 
perfect a thing in its way as the grating is in its way, and 
one can go on obtaining any magnification one wants. 

This is a photograph of the H lines obtained by the grating 
and film to which I have referred. Between the H and K lines, 
where the eye sees faintly three lines, there are now nearly 
a hundred; and that will speak more than any words of 
mine as to the extreme importance of the introduction of pho- 
tography in such a research as this. Now here there are no 
bright lines ; but, very conveniently, this next photograph con- 
tains one of the bright lines discovered and carefully recorded 
by Cornu, who has recorded bright lines in the ordinary 
solar spectrum as well as Hennessy. In exactly the middle 
of the field now is the bright line recorded as a bright line by 
Cornu in his map of the blue end of the solar spectrum; but 
excepting that one bright line, which is much more intense than 
any other part of the spectrum, bright lines are non-existent. 

During the course of last year Dr. Draper, of New York, 
published the first results of a research which he has undertaken, 
going over very much the same ground with regard to the 
metalloids as had been gone over in this country with regard 
to the metals. Dr. Draper, who has long been known as a 
most earnest student of science, approached this subject with 
a wealth of instrumental means almost beyond precedent; and 
his well-known skill and assiduity, in the course of the two or 
three years during which his work was carried on, enabled him 
to accumulate facts of the very greatest importance. I am 
most anxious to make these preliminary remarks, and to state 
my very highest respect for Dr. Draper, because in referring 
to his work I shall have to point out that some of his results 
are, in my opinion, not yet completely established. Dr. Draper, 
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in the first instance, claims the discovery of the bright lines 
already referred to, and bases a new theory upon them. It is by 
no means as a stickler for priority that J regard this as a very 
great pity, but because I think that, if the very considerable 
literature touching these bright lines (papers by Young, Cornu, 
Hennessy, Secchi, and others) had been before Dr. Draper 
when his paper was written, the necessity for the establish- 
ment of a new theory of the solar spectrum, which doubtless 
cost him very considerable thought, would probably have been 
less obvious, | 

Dr. Draper was so kind as to send me some little time ago 
a photograph of the solar spectrum confronted with the lines 
of oxygen ; and the result which this photograph is claimed 
to show is, that a considerable number of the oxygen-lines are 
coincident with bright lines in the solar spectrum. I will 
throw this photograph of Dr. Draper’s on the screen, in order 
that we may have common ground of thought. The lower 
part of the photograph gives the lines of oxygen ; the middle 
part gives Dr. Draper’s photograph of the sun, and the upper 
part a photograph of the sun taken in England, which I have 
put side by side with Dr. Draper’s in order that the definition 
of the two photographs may be contrasted. 

On examining the upper photograph with a very consider- 
able magnifying-power, the detail comes out marvellously, and 
the spectrum between the more marked lines is found to be 
occupied with extremely fine lines in those regions where Dr. 
Draper’s photograph gives ribbed structure, which, I fear, 
may not be due to the solar spectrum at all. In the silver-on- 
glass gratings, one of which Mr. Rutherfurd was so kind as 
to give me, I find that, in consequence of the grating being 
ruled on the back surface of the glass and the double trans- 
mission of the light through the plate, there is a considerable 
formation of Talbot bands, and the solar spectrum is in some 
regions entirely hidden and absolutely transformed. Lines 
are made to disappear ; lines are apparently produced ; so that 
if one compares a part of the spectrum taken with one of 
these silver-on-glass gratings with an ordinary refraction- 
spectrum, the greatest precaution is requisite. Indeed I 
think Iam not going beyond the mark when I say that the 
positions of all lines below the third or fourth order of inten- 
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sity must be received with very great caution indeed when 
these gratings are employed. So well is this known to Mr. 
Rutherfurd himself, who prepared these gratings for another 
purpose, that he is now, with equal generosity, distributing 
gratings containing the same number of lines to the inch 
(17,300, or something like that) engraved on speculum-metal 
in order that these defects may be obviated. 

With regard to this work of Dr. Draper’s, then, I wish to 
point out that the photograph in which these comparisons with 
the oxygen-lines have been made is not one which is compe- 
tent to settle such an extremely important question. Secondly, 
upon examining these oxygen-lines, I do not find the coinci- 
dences to which he refers with bright solar lines and oxygen- 
lines in that part of the spectrum with which I am most fami- 
liar, for the reason that there are no bright lines whatever in 
this portion of the spectrum. I have here enlargements of 
negatives going nearly the whole length from G to H, one of 
the regions which are included in this photograph of Dr. Dra- 
per’s. I have carefully gone over these regions line for line; 
and in no case do I see any bright line in the sun whatever 
coincident with any line of oxygen whatever. I cannot pro- 
fess to have gone over the ground in the ultra violet ; but it 
will appear to me very surprising indeed if, when we go fur- 
ther, when we include the H and K lines which have already 
been thrown on the screen, that Dr. Draper will find any 
possible coincidences with bright lines of the sun even there, 
because, when perfect instrumental conditions are brought into 
play, no bright line whatever exists in the part of the solar 
spectrum which is included in this map. 

The bright line discovered by Cornu exists outside K; 
but between the region included in this map and the G lines I 
find no obvious bright line. 

There is an experiment which any member of the Physical 
Society who possesses a spectroscope with three or four prisms 
can make for himself. Take the spark in air in an apparatus 
of the kind to which I have referred, use a comparison prism, 
flood the air with nitrogen, and in the field of view which 
includes b (and therefore one of the most marked bright lines 
in the solar spectrum itself) you will find three or four un- 
doubted lines of oxygen. Ihave made that experiment, which 
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is quite a simple one; and I find no coincidences in this part 
of the spectrum between any of these oxygen-lines and the 
undoubted bright lines. I have not tried it yet for the lower 
parts of the spectrum in the red and yellow, because I hope 
that Dr. Draper will try for himself. 

I do not say that Dr. Draper’s alleged discovery is no dis- 
covery at all; I say (and I think it is my duty to say it, as I 
have been occupied in closely allied work for some considerable 
time) that I do not hold it to be established. 

I have no doubt that Dr. Draper will carefully go over his 
work himself; and I am quite certain that he will be the very 
first to hail what I have said today with satisfaction, because 
his desire, I am sure, is the desire of every true man of science, 
that the truth should prevail. In any case Dr. Draper has 
begun work in a branch of the chemical inquiry into solar 
matters which, up to the present time, has been sadly neg- 
lected; and we should all be grateful to him on that ground. 
I have no doubt that he on his side, as I on mine, hopes, 
as I said before, that the Physical Society of London and the 
Physical Societies of America will come forward and supply 
more workers for a branch of science which I am certain in the 
future will be regarded as one of very considerable importance. 


XXXIII. On the Discharge of Water from Oriſices at different 
Temperatures. By Professor W. C. Unwin, A. I. C. E. 


In the Journal of the Franklin Institute for May 1878, there 
is a paper by Chief-Engineer Isherwood, of the U.S. Navy, 
giving an account of some experiments on the discharge 
of water from orifices at different temperatures. Those 
experiments appear to have been made on a sufficient scale 
and with very great care; and they lead to the conclusion 
that temperature has a very marked influence on the discharge. 
The author evidently supposes his conclusions to be applicable 
to orifices in general; for he remarks that, “ in the various de- 
terminations which have been made of the ratio of the actual 
to the theoretical discharge of water through orifices, the tem- 
perature of the water should have been noted. The experi- 
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mental ratios are true for only the experimental temperatures, 
and need reduction to a standard temperature.“ 

The experiments were made by noting the time in which 
the level of the water in a cylindrical vessel fell from one level 
to another, the water being discharged from a given orifice. 
The observed results of the experiments are not given. These 
results were plotted in a diagram, and a fair curve drawn pass- 
ing as evenly as possible through the plotted points. The 
results are stated to have been corrected for the dilatation of 
the orifice by heat; but it is not stated whether any correction 
was made for the dilatation of the volume of the vessel from 
which the water flowed, a correction quite as important as the 
other. The following short Table gives a few of Mr. Isher- 
wood’s results, as measured by him from the curve represent- 
ing the observed results :— 


Temperature, Relative time Relative velocities 
Fahrenheit. of discharge for of discharge for 
8 equal volumes. equal volumes. 
2 1:0000 1:0000 
OU airsoii 0:9896 1:0105 
M 0:9696 1:0313 
LAO). E 0:9457 1:0577 
180 09156 1:0922 


2 0:8855 1:1293 


Thus the velocity of discharge increases 12 per cent. as the 
temperature rises from 32° to 212°, and it increases 8 per 
cent. as the temperature rises from 60° to 180°. 

Now there is this difficulty in accepting the results of Mr. 
Isherwood’s experiments, —that the actual velocity of discharge 
at ordinary temperatures differs from the whole velocity due 
to the head by only from 3 to 6 per cent. for simple orifices. 
It is not easy to sce that any increase of fluidity of the water 
or diminution of friction could do more than annul this loss of 
from 3 to 6 per cent. Mr. Isherwood’s experiments seem to 
imply that the velocity of discharge at high temperatures max 
be greater than the velocity due tothe head. It seemed worth 
while therefore to repeat the experiment. The means at the 
author’s disposal did not permit him to make the experiments 
on quite so large a scale as those of Mr. Isherwood; but it 
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was, he believes, quite large enough to indicate any gain of 
velocity of the amount mentioned above. 

A cast-iron cistern was used, the interior bored out to a 
diameter of 0'4 metre. The first orifice tried was a carefully 
formed brass conoidal orifice, formed as nearly as might be to 
the shape of the vena contracta, and very approximately 0:01 
metre diameter. Three pointed indexes were fixed in the cis- 
tern, below the surface of the water; so that, as the level of 
the water descended, the instant at which the point broke the 
surface could be very exactly observed. Calling the levels of 
the three indexes A, B, and C, the time was noted in which 
the water-level descended from A to B and from AtoC. A 
chronograph-watch was used, the seconds’ hand being started 
at the moment the water-level was at A. When the level 
reached B, the time elapsed was noted by an observer count- 
ing seconds. When the level reached C the hand of the watch 
was stopped. This last observation was perhaps more reliable 
than the intermediate one at the level B. 

For the higher temperatures the water was taken from a 
steam-engine boiler; it was somewhat discoloured by iron 
and sediment. The same water was used in the experiments 
at lower temperatures, but in its ordinary clean condition. 
The author does not think that the condition of the water made 
any sensible difference in the results of the experiments. 


Experiments on a Conoidal Orifice, June 4, 1878. 


Time of fall of water-level 


Temperature, in seconds. 
Fahrenheit. r 
7 From A to B. From A toC. 
190 8 59 89 
75750 583 883 
1430 8 593 90 
OO soraan 62 93 
GO 8 614 924 
Mean Results. 
. 58°79 88°75 
4 300ĩ]ĩ]7ĩ] ö 59˙5 90˙00 
66 61°75 92°50 


These results show a distinct increase of velocity of dis- 
charge at the higher temperatures ; but the increase from 60° 
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to 190° is only 4 per cent., or less than half the increase ob- 
served by Mr. Isherwood. 

When water issues from an orifice with gradually diminish- 
ing head, the relation between the time and volume of dis- 
charge is given by the well-known equation 


where © = area of water-surface in reservoir, 
œw = area of orifice, 
h,, hg = heads at beginning and end of experiment above 
centre of orifice, 
t = time of outflow in seconds, 
c = coefficient of discharge. 
Let D = diameter of the cylindrical reservoir, and d = dia- 
meter of the orifice. Then 
2 D* 
. 
Hence the equation sees becomes 


D 9, — = 
= PV -b. 


In these experiments D = 15-7 inches, d = 0°3937 inch. 
Reducing these values to feet and introducing them in the 
equation, 


= —— 376 


(Vi- Vhs}: 


The heights of the 8 above the centre of the ori- 
fice were, as nearly as could be measured, 


AA . I 467 foot. 
Boe ek ˙ KI 
C . . . 09775 „ 
Hence, for 8 in which the level fell from A to B, 
57:895 


„ a (2) 
and for experiments in which the level fell from A to C, 
87. 148 
ioe a w w & a (3) 
Neglecting for the present the expansion of the reservoir 
and orifice, the coefficients of discharge deduced from the ex- 
periments are as follows :— 
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Coefficients of Discharge. 


Fall of level Fall of level 
from A to B. from A to C. 


0 9813 9859 
190 . . 19896 9915 
130° . . „ 9730 9750 
60⁰ 9338 9435 

n 9414 9486 
Mean Values of c. 

190° . . . „. 09871 

130° . . . . 09740 

60° . . . „ 09418 


The experiments on a conoidal orifice having shown a small 
but definite influence of temperature on the discharge, it 
seemed desirable to try whether a similar effect would be pro- 
duced in the case of a thin-edged orifice. With the conoidal 
orifice there is no contraction of the jet, and the discharge is 
less than the so-called theoretical discharge by an amount de- 
pending only on the friction of the orifice. In the case of 
a thin-edged orifice, the jet contracts to an area of about 3 
that of the orifice; and the discharge is diminished not only 
by the friction, but also to a much greater extent by the con- 
traction. The thin-edged orifice was 1 centimetre diameter ; 
and the heads were nearly the same as before. 


Experiments on Thin-edged Orifice, 1 centim. in diameter, 
June 12, 1878. 


Time of discharge Time of discharge 


Temperature, of water between of water between 
Fahrenheit. A and B in fifths A and C in fifths 
Š | of a second. of a second, 
205 . . . . 503 748 
205 . . . 500 747 
140 507 744 
65 500 746 
61 . 495 740 
611 495 740 
0 Mean Palues. 
62 . . . . 4966 742 
1410 . . 9070 744 


2005 „ 501˙5 747˙5 
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The times here recorded show that, in the case of a thin- 
edged orifice, the temperature has an extremely small influence 
on the discharge, and that, unless the small differences in the 
experiments are errors of observation, the discharge is greater 
at low temperatures. Whether this is due to the increase of 
temperature increasing the contraction at the same time as it 
diminishes the friction, could only be determined by much 
more extensive experiments. 

For these experiments, when the level fell from A to B, 

c= SR mois ae ee. Go AD) 
and when the level fell from A to C, 


443˙71 
65) 


t being in fifths of a second. 
Coefficients of Discharge for Thin-edged Orifice. 


Values of e. 
T ture, — — — 
Fahrenheit. Fall of level Tall of level 
8 from A to B. from A to C. 
205 . . . 5820 5932 
205 . . 5855 5940 
140 5774 5964 
656. 5855 5948 
6l . . 5914 5996 
6l . . „ 5914 5996 
Men Values. 
205. 5837 5936 
140 5774 55964 
62 . 5894 5980 


These results seem to show that the temperature has hardly 
any sensible influence on the discharge from orifices of this 
kind. 

It will be seen that the results of these experiments do not 
at all agree with those of Mr. Isherwood ; and although made 
on a smaller scale, the author believes that if the influence of 
temperature had been nearly as great as that stated by Mr. 
Isherwood, it could not possibly have escaped detection. Mi- 
nute errors in measuring the head or the size of the orifice 
would sensibly affect the values of the coefficients obtained ; and 


barra WIE, p 
2 ee — 


— — —B — 


— — — — — —— . — — —è 


—— — — 
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these may possibly be wrong to the extent of 2 or 3 per cent. ; 
but these errors would not affect the relative values of the 
coefficients in any sensible degree, and the author therefore 
believes that temperature has a far less influence on the dis- 
charge from simple orifices than Mr. Isherwood's results would 
imply. It is difficult to explain to what the higher results 
obtained by Mr. Isherwood are due ; but the conjecture may be 
hazarded that the orifice in his experiments was very excep 
tionally placed. It was at the end of a bell-mouthed tube 
some 10 inches long, a great part of which was only 4 inch 
diameter ; and there was a plug-cock immediately above the 
orifice. It seems possible that there was a good deal of fric- 
tion in this pipe, and that the diminution of friction in this 
part of the apparatus led to the increase of discharge as the 
temperature increased “. 

Thus far the effect of the temperature on the capacity of 
the reservoir and the size of the orifice has been neglected. 
It only remains to examine whether the expansion of these 
has any material influence on the results. 

The effect of temperature on the quantities entering into the 


2 
equation of flow is twofold. First, the ratio a is altered, 


because the mouthpiece was of brass and the reservoir of cast 
iron; and the former expands more than the latter. Secondly, 
the level marks being attached to the side of the cistern, the 
distance between these marks and the centre of the orifice in- 
creases as the temperature rises. There is, however, an un- 
certainty in applying a correction for the expansion of the 
metal, because, its external surface being exposed to the air, 
its mean temperature would be less than the temperature of 


* It is impossible to calculate, except roughly, the frictional resistance 
of the tube to which, in Mr. Isherwood’s experiments, the orifices were 
attached. Taking 4 inches length of pipe } inch in diameter, and neglect- 
ing the bell-mouthed part, we get, using D’Arcy’s coefficient of friction, 
and putting the data in feet :— 


For a discharge of 0:0167 ........ 0:0374 
» Velocity „„ 12˙2 
„ head lost in pipe O 012 
„ total head S0 1:0 


So that apparently about 12 per cent. of the head may have been lost in 
the friction of the pipe leading to the orifice. 
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the water. The following estimate of the correction is there- 
fore approximate only. 
Let e, be the expansion of brass per unit of length and per 
degree ; 
ee the expansion of cast iron estimated in the same way; 
T = the excess of temperature during the experiment 
reckoned from 60°. 


Then, in consequence of the expansion of the metal, the ratio 
D* 
of the areas 7 becomes 
(1+e,r)? D? 
(1 +e)” d? 
and the true difference of the square roots of the heads is 
V1 +e,7( VI - Mg). 


The formula of flow, allowing for the alteration of the dimen- 
sions by rise of temperature, is therefore 

(1+e,r)? | 6 = 

CETA er Vi. 


Let e = 000006, 


t= 


e,=:00001, 
T =190°—60°=130; 
(1+e.r)? 100078 


II- (1013) v 100078=0:999353. 


(1 Ter); 
Hence it is obvious that the effect of the expansion of the 
reservoir and orifice is very small for the range of temperature 
in these experiments. Allowing for that expansion, we get 
for the experiments at 190°, 

2 
„= 0935 D? Sre a (-v, 
or slightly smaller 1 of the coefficient than those given 
above. 

It is rather curious that it is stated in Mr. Isherwood's paper 
that the results are corrected for the variation of the size of 
the orifice as the temperature varied, but no mention is made 
of a correction for the size of the reservoir or the expansion of 
the vessel to which the index-marks denoting the initial and 
final heads were attached. If these latter corrections have 
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been omitted, though this is difficult to believe, Mr. Isher- 
wood’s results should be divided by 

(l+te7yV1+e.7, 
where e, is the coefficient of expansion of the material of the 
reservoir, whatever that was. This would sensibly diminish 
the apparent increase of discharge at high temperatures given 
in his experiments. 


XXXIV. Magnetic Figures illustrating Electrodynamic Rela- 
tions. By Sttvanus P. Taompson, D. Sc., B. A., F. R. A. S., 
Professor of Experimental Physics in University College, 


Bristol. 
{Plates VIII. and IX.] 


IN a preliminary communication to the Physical Society 
in February of the present year, the author announced a 
method of studying and illustrating the known laws of the 
mutual attractions or repulsions of conductors traversed by 
electric currents. The present paper is a complete statement 
of the facts obtained in the experimental research which formed 
the basis of that communication. 

While preparing a set of magnetic currents to illustrate the 
mutual actions of magnet-poles, it occurred to the writer that 
the mutual attractions and repulsion of currents might be 
illustrated in a similar manner by the figures formed with iron 
filings. He was aware“ at that time that the lines of force of 
a straight conductor carrying a current were a series of con- 
centric circles lying in a plane to which the conductor was 
normal. The series of figures now published originates, there- 
fore, with the discovery of Faraday that the seat of the mutual 
actions of currents and of magnets must be sought in the sur- 
rounding medium. Since the communication of the prelimi- 
nary notice, the writer has learned that one or two of the figures 
bad been previously and independently observed by Professor 


See Faraday, Experimental Researches in Electricity,’ vol. iii. p. 
400, § 3239, and plate iii. fig. 17; Guthrie, ‘Magnetism and Electricity,’ 
p. 254, fig. 225; Clerk-Maxwell, ‘Electricity and Magnetism,’ vol. ii. 
art. 477. 
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F. Guthrie, but not published. Two others, Nos. 4 and 5 of 
the present series, are imperfectly given by Faraday in figares 
18 and 19 of plate iii. in the third volume of his ‘ Experimental 
Researches’ (Series Twenty-ninth)“, and without reference to 
the conclusions to be derived from their forms, which Faraday 
apparently overlooked f. 

The method employed for preserving the figures has been 
uniform throughout the series. Plates of glass, 34 inches long 
by 3} inches broad, were coated with a solution of gum-arabic 
and gelatine, and were then carefully dried. When the ar- 
rangement of magnets or of conducting-wires had been made 
for the particular case of the experiment, and the plate been 
laid in a horizontal position, fine filings of wrought iron pre- 
viously sifted were dusted over the plate through muslin, and 
the plate was tapped lightly with vertical blows from a piece 
of thin glass rod. When the filings had arranged themselves, 
and the plate was still in situ, a gentle current of steam was 
allowed to play upon the plate, condensing upon the surface of 
the gum and softening it, and thus allowing the filings to 
embed themselves where they lay. After the gam had again 
become hard, the prepared face was covered by a protecting 
plate of glass, on which in certain cases were drawn the posi- 
tions of the wires or magnets employed. The figures fixed in 
this manner are suitable for projection with the lantern upon 
the screen. They can be readily photographed for transpa- 
rencies, or for paper prints; specimens of each of these 
methods of photographic reproduction are exhibited to the 
Society. 

Figure 1 represents the condition of the magnetic field sur- 
rounding the current in a straight conducting-wire, which was 
carried vertically through a hole drilled in the plate. The 
wire employed throughout the series was a silver one of about 
‘8 millim. in diameter. The battery power employed for this 

* And Phil. Trans. 1852, p. 137. 

+ The attention of the writer has also been drawn to a statement in the 
American Journal of Science for 1872, p. 263, by Professor A. M. Mayer, 
that he has obtained magnetic “ spectra ” from electric currents in a manner 
somewhat similar to that now described. The figures have, however, re- 
mained unpublished and undescribed, so that the writer has no means of 


learning how far the substance of the present communication may have 
been anticipated, 


— — a 
— — —— — — — co — — — — . — — — —— 
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experiment was that of 20 Grove’s cells arranged in two series 
of ten each. In some of the succeeding experiments a less 
current was found sufficient. 

But for the imperfections of the method of experiment, these 
curves would be perfect circles, and the distances between 
two successive lines of force would be proportional to the 
square of the distance from the central point. The equipoten- 
tial magnetic surfaces, being always normal to the magnetic 
lines of force, would be represented by a system of radial lines 
forming equal angles with one another. There appears to be 
no recognized name for the closed curves traced out by the 
lines of force around conductors carrying currents. With 
great diffidence I therefore beg to speak of them as isodynamic 
lines. They are theoretically disposed about a single straight 
conductor in a perfectly concentric manner, and at such dis- 
tances apart as would be defined by the requirement that a 
parallel conductor, carrying a like current of unit strength, . 
would do unit work in passing from one isodynamic line to the 
next. The absolute value of an isodynamic line would of course 
be determined (like magnetic and electrostatic potential) by 
the work done by a like element of current in passing to any 
point in that line from an infinite distance. No work is done 
in moving an element of a parallel current along an isodyna- 
mic line, just as no work is done in moving a magnet-pole 
along in an equipotential surface. The isodynamic lines 
occupy, therefore, exactly the same relation to the element of 
the circuit, as do the equipotential surfaces to a magnet-pole 
or to an electrified point. 

Figure 2 represents the field above a horizontal wire carry- 
ing a current, and separated from the filings by the thickness 
of the glass (about 1°7 millim.). The lines cross the wire at 
right angles, and are really the projections of a series of such 
circles as exist in figure 1. 

Figure 3 exhibits the form assumed by the filings when the 
wire beneath the plate was coiled into a simple loop, a small 
piece of mica being inserted to prevent contact where it re- 
crossed its path. The lines of the field within the loop run 
longitudinally ; and their projections on the surface are mere 
points, as the filings show. 

In figures 4 and 5, two wires pass vertically through the 

VOL II. 20 
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plane of the figures, carrying parallel currrents, which in 
figure 4 are in the same direction, in figure 5 in opposite 
directions. Ampére’s well-known law of the attraction in the 
former case, and of the repulsion in the latter, is well illus- 
trated by the forms of the magnetic curves. In the former, 
where the parallel currents attract, the outer isodynamic lines 
are closed curves embracing both centres, the inner are dis- 
torted ovals about each centre—the whole forming a system of 
lemniscates, as would necessarily be the case, since the at- 
traction at any point in the plate varies inversely as the square 
of the distance from each current“. 

In figure 5, where the parallel currents repel each other, 
the lines of force due to either current in no case enter or 
coalesce with those of the other current. They form two series 
of ovals-of a peculiar form, flattened on the sides presented 
towards the opposing series. 

The conception of Faraday, that the lines of magnetic 
force tend to shorten themselves, and that they repel each other 
when placed side by side, has been shown by Clerk-Maxwell, 
who thus concisely states it, to be perfectly consistent with the 
theory that explains electromagnetic force as the result of a 
state of stress in the medium filling the surrounding spacef. 
Faraday also observes that“ unlike magnetic lines, when end 
on, repel each other, as when similar poles are face to face, 
and that “like magnetic lines of force, when end on to each 
other, coalesce. The terms“ like and “ unlike,” as applied 
to magnetic lines of force, refer, of course, to the two cases of 
similarly or oppositely directed lines, the positive direction of 
a line of force being reckoned as the direction in which a 
north-seeking pole on it would tend to move{. The mutual 
coalescence or repulsion exerted between the lines of force of 
unlike or like magnetic poles is familiarly employed in the 
experimental illustration of magnetic phenomena, so well known 
since the researches of Professor Robison and Dr. Roget on 
the magnetic curves, and appears to have been recognized long 


* See Thomson and Tait, ‘ Natural Philosophy,’ art. 508, vol. i. p. 382. 

t Clerk-Maxwell, ‘ Electricity and Magnetism, vol. ii. art. 645; Fara- 
day, ‘ Experimental Researches,’ 8266, 3267, 8268. 

t See Clerk-Maxwell, ‘ Electricity and Magnetism,’ art. 489; L. Cum- 
ming, ‘ Theory of Electricity,’ p. 194. 
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before“. It is believed that the present is the first distinct 
attempt to apply similar considerations to the illustration of 
electrodynamic relations between systems of conductors car- 
rying currents, and between conductors of currents and mag- 
net-poles. 

The isodynamic lines, which are lines of magnetic force, 
tend to shorten themselves. A very hasty inspection of fig. 4 
will show that if any one of the system of lemniscates were to 
“ shorten itself,” it would tend to bring the two centres nearer 
together. Consider each isodynamic line as a ring of some 
elastic material (as, for example, an indiarubber ring) stretched 
around a bundle of smooth wires, the cross section of the bundle 
having a perimeter corresponding in form to the isodynamic 
line under consideration. The maximum shortening of such 
an elastic ring would take place when the enclosed area was 
made a circle. In other words, the lemniscate-form isodyna- 
mics tend to become circles, and the two like parallel currents 
are mutually urged towards each other. 

In figure 5 the shortening of the isodynamic lines, and their 
approach to the truly circular form, could only be accomplished 
by the wider separation of the two conductors from each other. 
Hence the mutual repulsion of two parallel conductors carry- 
ing oppositely directed currents. 

Figures 6 and 7 show the lines of force above the parallel 
currents when these pass horizontally below the glass. In the 
case of like currents the lines coalesce. In the case of unlike 
currents they repel each other, and pass between the two wires 
in a direction vertical to the plane of the glass, where their 
characteristic form, as lines, is lost. The observation that the 
filings adherent to wires carrying like parallel currents are 
mutually attractive appears to have been first made by Davy. 

Figure 8 illustrates the law of currents crossing one another 
at a point. In the two quadrants in which the currents both 
ran to or from the central point, the lines of force tend to 
coalesce. In the alternate quadrants they mutually repel each 
other; and the angle of these quadrants tends to increase. 

In figure 9 one current is carried horizontally below the glass, 


See Musschenbroek, Dissertatio Physica Ernerimentalis de Magnete, 
cap. iv. exp. exvii., and tab. iv. figs. 4 & 5. 
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the other traverses the plane of the figure normally. The dis- 
symmetry of the resultant distribution of the lines reveals the 
dissymmetrical nature of the force which tends to bring the 
courrents into parallelism. Any shortening of the isodynamic 
lines would tend to move the vertical current from that qua- 
drant over which the lines are unbroken. Figures have also 
been obtained with two currents crossing the plate in a vertical 
plane of incidence, but each at 45° to the normal. With some 
distortion, these figures bear a general resemblance to figs. 4 
and 5 in the two cases of the currents passing through the 
plate in similar or in opposed directions. In the former case 
their angular separation tends to diminish, in the latter to in- 
crease. 

Figures 10, 11, and 12 introduce the action of a vertical cur- 
rent upon a small magnetic needle lying on the glass plate. 
In the first case the needle lies in stable equilibrium almost 
tangentially to the isodynamic lines ; in the third its position 
is reversed and unstable ; in the second case it is set at right 
angles to the directive action of the current. The dissymme- 
trical action of the forces on its poles produces a couple tend- 
ing to turn it about its centre, as would be inferred from an 
inspection of the lines of force of the figure. 

Figures 13 and 14 illustrate a deduction from the theory of 
the magnetic shell. A conductor carrying a current is acted 
upon by a force urging it forward so as to make the number 
of like lines of force included within it a maximum“; that 
is to say, a north-seeking pole is attracted into a circuit 
on the side from which the positive current appears to circu- ` 
late in a right-handed cyclical order (or in the same direction 
as the hands of a clock). Similarly the circuit is urged back- 
wards from a contrary pole, and tends to make the number of 
unlike lines of force included within it a minimum. In the 
figures a ourrent ascends through the plane of the figure on 
the left, and descends through it on the right, in a right-handed 
cyclical order as seen from the magnet. Hence a north- 
seeking pole is attracted, and a south-seeking pole repelled. 

Fignre 15 results from the action of two magnet-poles upon a 
vertical conductor, which in this case is attracted between the 

les. 

j © Clerk-Maxwell, ‘ Electricity and Magnetism, art. 490. 
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Figure 16 illustrates the mutual tendency to rotation between 
a magnet-pole and a conductor carrying a current parallel to 
the axis of the magnet. In the figure, where the vertical cur- 
rent passes upwards through the glass, the neighbouring south- 
seeking pole (marked in position by a square dot) is urged 
round the current with a couple tending in a right-handed 
cyclical rotation. The couple is reversed, and acts in a left- 
handed order, if either the current or the magnet-pole be 
reversed. The contrasted dissymmetry so produced is very 
curious, and the mutual displacement of the radial lines of 
force of the pole and of the circular lines of the current is very 
significant. 

Figures 17 and 18 show lines of force arranged spirally in 
the field. In these a current passes upwards through the glass, 
while the pole of a magnet is placed vertically beneath: the 
current, in fact, passes through the magnet. The form of the 
lines of force is remarkable. No work would be done on or 
by an element of a vertical current in bringing it up to the 
centre along one of the spiral lines; for the work done by it 
in bringing it in the spiral path across the successive circular 
isodynamic lines of the current would be equal to that done 
upon it in carrying it across the successive radial lines of force 
of the magnet-pole. The equipotential surfaces of this field 
are consequently another series of spirals of an opposite cy- 
clical order. In figure 17 the current running up through a 
south-seeking pole produced a right-handed spiral; in figure 
18, with a north-seeking pole the spiral is of the opposite order. 
Since the magnetic potential decreases from a magnet-pole 
with the inverse square of the distance, and since the inductive 
action of the current on a point in the plane of the figure also 
decreases according to the inverse square of the distance from 
the current, each branch of the spirals would be described by a 
moving point whose angular displacement from the arbitrary 
zero is simply proportional to the distance from the central 
point. The results of actual measurement of the spirals at 
successive distances of whole millimetres from the centre show 
as near an agreement with this supposition as the roughness 
of the method of procuring the curves permits. The number 
of branches of the spiral will clearly be proportional to the 
strength of the magnet pole. The obvious result of a “ short- 
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ening of the spiral lines would be to produce a rotational 
movement, such as we know to be produced on a free-magnet 
pole under the influence of a current traversing it longitadi- 
nally. 

I am indebted to Mr. Robert Gillo, of Bridgwater, for the 
admirable photographic copies of the various figures. 


June 19, 1878. 


XXXV. On the Light reflected by Potassium Permanganate. 
By Sir Joux Conroy, Bart., M.A. 


Tue light reflected from the surface of potassium perman- 
ganate was originally examined by Haidinger, who an- 
nounced (Sitzungsberichte der kaiserlichen Akademie der Wis- 
senschaften, Band viii. 1852, p. 133), that when the light 
reflected from the surface of the crystals and of the substance 
rubbed on a plate of glass was examined with a dichroiscopic 
lens, the portion polarized in the plane of incidence was light 
yellow at low angles, and became white as the angle increased, 
whilst the portion polarized perpendicularly was light yellow, 
and became green and blue as the angle increased. 

Professor Stokes found (Phil. Mag. vi. 1853, p. 400) that 
the reflected light contained four bright bands, corresponding 
in position to the dark bands of the absorption spectrum of a 
solution of the substance, and that when the reflected light 
was separated into two streams polarized in, and perpendicular 
to, the plane of incidence, and then examined by a prism, the 
bands were hardly visible in the one, and the other at a certain 
angle consisted mainly of them. 

E. Wiedemann has recently published (Pogg. Ann. cli. 
1874, p. 625) an account of some experiments he has made 
on the same subject. He found that whilst the dark bands of 
the reflection spectrum did not even partially cover those of 
the absorption spectrum, they did not lie exactly intermediate 
between any two of them—and, further, that the position of 
the bands was independent of the angle of incidence, both with 
ordinary light, and with that polarized in the plane of inci- 
dence; but with light polarized perpendicularly to this plane, 
the bands occupied the same position up to a certain angle. 
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and then with a slight increase of the angle suffered sudden 
displacement towards the blue, and a new band appeared near 
D. He also found that with light polarized perpendicularly 
to the plane of incidence, the position of the bands was inde- 
pendent of the nature of the surrounding medium, being the 
same when the permanganate was in air, benzene, and bisul- 
phide of carbon; but when the light was polarized in the plane 
of incidence, with the increase of the refractive index of the me- 
dium the bands were more and more displaced towards the blue. 

For some experiments I have made on the same subject 1 
have used a Babinet’s goniometer, which has, in addition to the 
ordinary horizontal stage, a vertical one so arranged that the 
reflecting surface can be placed over the axis of the instru- 
ment. Sunlight was used, which could be polarized in any 
plane by a Nicol supported by the fixed arm of the goniometer ; 
and a small direct-vision spectroscope, by Hilger, with a 
“ bright-point ’’ micrometer and a reflecting prism for bring- 
ing a second spectrum into the field, was carried by the other 
arm of the goniometer. By placing a beaker on the horizontal 
stage, and, after the surface of the permanganate had been pro- 
perly adjusted, filling it with the liquid and limiting the inci- 
dent beam by a narrow vertical slit, the light reflected from 
the surface of the substance when immersed in a liquid could 
be examined. 

The experiments were usually made with potassium per- 
manganate crushed, and burnished with an agate on a piece of 
finely-ground glass; and it was found that the light reflected 
from the surface of crystals and from that of the substance 
rubbed on glass was identical; except that the blue rays were 
more intense in the light reflected by the crystals, and the 
higher bands were more distinctly seen. 

The surface-colour of potassium permanganate, and the posi- 
tion and intensity of the bands in the spectrum of the reflected 
light, are independent of the relative position of the plane of 
incidence to the long axis of the crystal, or to the striæ pro- 
duced by rubbing, when the powdered substance burnished on 
glass is used. 

1. Surface-Colours.—Freshly prepared surfaces of potas- 
sium permanganate appear of a pale yellow when light, either 
unpolarized or polarized in any plane, is incident upon them 
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at low angles. But with ordinary light, and with light pola- 
rized in the plane of incidence, the amount of white light 
reflected is so great at high angles that the surface-colour, if 
any, is completely masked. 

When the incident light is polarized perpendicularly to the 
plane of incidence, or when unpolarized light falls on the sur- 
face and a Nicol is placed between the eye and the permanga- 
nate, with its principal section in the plane of incidence, the 
surface-colour is seen to change as the angle increases, becom- 
ing successively green and blue, and finally white and metallic. 

The surface-colours alter with the surrounding medium. 
The following Table gives, approximately, the colour at various 
incidences, (A) when the light is either unpolarized or pola- 
rized in the plane of incidence, and (B) when it is polarized 
perpendicularly to that plane, for potassium permanganate in 
air, tetrachloride and bisulphide of carbon. 


Surrounding medium. 
Angle of SS ᷣ E 
inci i Tetrachloride of, Bisulphide of 
: carbon. carbon. 
È TA sines Pale yellow Yellow-green. | Yellow-green. 
80. (f 8 7 v los et, | Steet | 
ree Pale yellow. ow-green. | Yellow-green. 
V 
tenon e yellow ellow-green. ellow 
40. {3 Renee eer 7 Green 
1 P ow. low-green. | Yellow-green. | 
D |B cease wi soa Green. Blue | 
TEE ite Ow-green. ellow- green 
50. oy Pale yellow. | Bright green. | Blue- | 
55 { 3 ite. Green. Yellow-green 
SUL dees Yellow, with a | Blue-green Blue-green 
tinge. 
60 7 seas i nite. sas a 
EB weve rilliant green. Blue-green. ue- green. 
65 = reer wae 8 ag | 
[B. ue-green ue-green ue- green 
70 3 ite. is Greenish white. 
A POT Blue. i w a | 
Sees ite. 
75. {3 8 Metallic, with 
| 


2. Reflection Spectra.— With unpolarized light, and still more 
with light polarized in the plane of incidence, the dark bands 
in the spectrum of the reflected light are never very distinct. 
I was not able to observe whether the bands shifted or not 


as the angle of incidence increased, as the amount of white 


BY POTASSIUM PERMANGANATE. 343 


light reflected at angles of 55° and upwards was so great as to 
render the bands invisible. They appeared, however, as long 
as they were visible, to coincide exactly with the bright spaces 
in the absorption spectrum of a dilute solution of potassium 
permanganate, which was thrown into the field by means of 
the reflecting prism. 

When the incident light is polarized perpendicularly to the 
plane of incidence, the dark bands are far more distinctly seen. 
At angles of less than 40° there are four bands, and the blue 
end of the spectrum is very weak. As the angle of incidence 
increases, the intensity of the blue rays diminishes ; and then 
the amount of light in the red decreases; and at about 55° 
nearly the whole of the light comes from the bright bands. 

As the angle of incidence increases beyond this amount, the 
dark bands gradually move towards the blue end of the spec- 
trum; and at about 60° a new band appears near D. With any 
further increase of the angle more of the blue rays are reflected ; 
and the bands fade away, those in the more refrangible part 
of the spectrum disappearing first. The relative intensity of 
the dark band varies with the angle of incidence. When this 
is small, the third and fourth bands, counting from the red end, 
are darkest ; with the increase of the angle the second, the 
first, and finally the new band, become successively darkest. 

I have not been able to obtain any satisfactory measure- 
ments of the amount of the displacement of the bands, as, 
when a spectroscope of sufficient power to render it an easily 
measurable quantity is used, the bands become so ill-defined 
that it is impossible to measure them. Approximately the 
displacement amounts to about 60° in “ tenth-metres; and 
the bands tend to coincide with the dark bands of the absorp- 
tion spectrum, instead of with the bright bands as they do 
when the angle of incidence is about 55° or less. 

The shaded portions of the diagrams are intended to give 
the relative amount of light, as determined by eye estimations, 
in the different portions of the absorption and reflection 
spectra of potassium permanganate—the ordinates being taken 
to represent the intensity, and the abscissæ wave-lengths. The 
curved line gives the intensity of the light in the different 
portions of the normal spectrum, as determined by Mossotti“ 
from Fraunhofer’s measurements, neglecting the minor irre- 
gularities in the curve as given by him. 

Pogg. Ana. lxxii. p. 509. 
VOL. II. 2 D 


344 ON THE LIGHT REFLECTED BY POTASSIUM PERMANGANATE. 


Fig. 1 is the absorption spectrum of a solution of potassium 
permanganate in water. 

Figs. 2, 3, and 4 the reflection spectra, when the incident 
light is polarized perpendicularly to the plane of incidence, 
and falls on the surface at angles of 50°, 60°, and 70°. 
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As has already been announced by Wiedemann, the position : 
of the bands in the reflected light depends on the nature of the | 
surrounding medium. From the experiments I have made, it 
appears that, with unpolarized light, the first dark band of the | 
reflection spectrum corresponds in position with the first bright 
band of the absorption spectrum, whether the permanganate 
is in air, benzene, or either bisulphide or tetrachloride of car- 
bon ; these liquids, however, act on the permanganate, and 
after a short time the surface becomes altered, and then the 
bands correspond with the dark bands of the absorption spec- 
trum. 

Figs. 4 and 5 represent the distribution of light in the spec- 
trum, with fresh surfaces of potassium permanganate in bisul- 
phide and tetrachloride of carbon, when unpolarized light is 
incident upon them at an angle of about 55°: in both cases 
the bands are wider apart than in air. 
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Ackroyd, W., on selective absorptionꝝnn nn 110 
Air, influence of temperature on the passage of, through capillary 
IV.! ceoue bee rae e tetas enw es 246 
, the polarization of electrodes in water free from .......... . 16 
Albumen’ in aqueous solutioůꝶnn ... 98 
Ammonium and potassium, mixed chlorides of, as eryohydrates and 
/// bas ease a ete esa Gales N 6 
—— and sodium, mixed sulphates of, as cryohydrates and cryogens. 9 
—— chloride and sulphate of potassium as a cryohydrate ........ 13 
— , anhydrous, separation of, from its solutions 60 
—— nitrate, separation of, from its soluGons e 6⁴ 
„ nitrates of silver aad, separation of ice from solutions of 8 
—— sulphate, anhydrous, separation of, from its solutions ........ 64 
sulphate and nitrate, separation of ice from solutions of ...... 76 
Anhydrous salt, separation of, from salt solutions below 0° C....... 53 
Apparatus to illustrate the interference of two plane waves 182 
Aqueous solution, colloids In... .. eee cee cee teen eens 95 
, organic crystalloids in. 92 
Atmospheric phenomena, remarkable, in Ceylon 80 
Ayrton, Prof. W. E., on the electrical properties of bees’-wax and 
t r cives eases N 297 
——, ——, and Perry, Prof. J., on ice as an electrolyte ...... 171, 199 
B. 
Barium and strontium, mixed chlorides and mixed nitrates of, as 
cryohydrates and cryogenqgaQgss2s.ꝑ 8 
— chloride, separation of ice &c. from solution o᷑᷑ .. 87 
—— hydrate as cryohydrate and eryoge˖en˖nxddndnd. 271 
nitrate, separation of ice Kc. from solutions o... 90 
Barometer, mercury, a sensitive 2... ee ccc eee tenes 140 
Battery, Groves , ⁰—ꝶßx h 212 
resistance, a method of measuriinggee . 145 
— : conditions for sensitivene aa e 152 


VOL. II. 2 E 


346 INDEX, 


Page 
Battery resistance: measurements in generaů l. 145 
—— — : practical details ....... CCC 153 
——, variation of the electromotive force of AJA. 148 
Bees’-wax, electrical properties of.........ccceeeeeecces eas weal 297 
Blaikley, D. J., on brass wind instruments as resonators .......... 261 
Brass wind instruments as resonatoſrr . eens 261 
C. 
Calcium chloride as a cryogeeun.nsn eeees 1.3 
—— —— hydrate, separation of, from its solutions .............. 61 
— ——,, cryohydrate ti. 
—— hydrate as cryohydrate and eryo gen 272 
— nitrate, separation of ice &c. from solutions of .............. 90 
Cane-sugar in aqueous solution . 92 
Capillary tubes, passage of air throuhlß!lll “gg... 3 246 
Ceylon, remarkable atmospheric phenomena inn 80 
Chemistry, solar, researches iiunin.hlh.n· Z . 308 
Chromatic aberration of the eee eee ee eens 157 
—— ——, bearing of, upon the perception of distance ............ 163 
—— — : experimental results and deductionssss 164 
— value of other media than water ........... 0c eeee eee ueeeee 287 
Circular sector, electrical resistance of a JJ... penne . 40 
Citric acid as cryohydrate and eryoge·n amidase 278 
Colloids, general remarks oo᷑v᷑1nn. . ee 99 
— in aqueous solution .......... VCC 95 
———, organic, mixtures oũ cece cee cette teen . 99 
Colour, relation of, to density ........ v». ꝑ 115 
Colours, surface, of potassium permanganate ............ 0.0 e eee 341 
Conduction, thermal, through a cylinder inserted between metal 
...““. ⁵ð ) ⁵ ⁵ A cus 203 
Conroy, Sir J., on the light reflected by potassium permanganate .. 340 
Convection, elsetol pte 20 
Cryogens, a few special. e 1 
r,... He eee es 4 
Cryohydrate, separation of, from salt solutions .................. 87 
Cryohydrates, a few special... Z 1 
— ,,,, y 4 
Crystalline solids, separation of water from, in currents of dry air .. 281 
Crystalloids, organic, in aqueous solution .........cceeseee ences 92 


Crystals and other rare substances, absolute thermal conductivity of 201 
Currents, thermoelectric, in wires subjected to mechanical strain .. 236 
Geh y times E 207 


Daniell cell, form of, convenient as a standard of electromotive 
i t a E E 195 


INDEX. 347 


Page 
Daniell cell with high internal resistanegſꝶeee . 196 
Density, relation of colour tooᷣU:.i:ti ü. 115 
Detector, the telephone as aaa... q 3 226 
Distance, bearing of chromatic aberration upon the perception of . . 163 
——, data for the perception off ᷑·tn ... 158 

E. 

Electric sparks, some phenomena of induceeili i... 102 
Electrical images, application of, to bounded plates 29 
—— —— in rectilinear boundaries. ꝑ 26 
—— machine, a smalllll]]l]] l] 83 
— potential in a wedgg e 41 
— properties of bees-wax and lead chlorideeeeeeeeeeeea 297 
— resistance expression for two pol. 42 
— ——: manner in which the image-method failꝶmßss e.u... 49 
— —— of circular sectoouͤ, n q æę qay 40 
— — of a general isosceles trian gl . 49 
— ol a striii?ę²᷑k ee eees e E e 38 
—— — of a wedge qlꝝ. ² ů m.. 35 
— — of an equilateral triangle c 46 
— —— of an isosceles right-angled triangle 43 
—— —— of rectilinear figures ies. OO 
— —— of squares and right-angled triangles ..............0++- 51 
Electricity, some problems connected with the flow of, in a plane. 24 
—, the telephone as a source owᷣꝛbIUUei7 eee renee eens 224 
Electrodes, the polarization of, in water fre from air 15 
Electrodynamic relations, magnetic figures illustrating ............ 333 
Electrolyte, ice as aãůanuũmum mn 171, 199 
Electrolytic convectii Uu. 20 
Electrometer, double-wire galvanometer as an.. 154 
Electromotive force, cell for a standard of .........ce ee eeeecenes 197 
— —, elimination of variations inn.... neers 155 
—— — of a battery, variation of tgokgõe .. eens . 148 
— ——: measurement of any liquid resistance q 155 

——. standard of, form of Daniell cell convenient as aa 195 
Equilateral triangle, electrical resistance of aan. 46 
Eye, chromatic aberration of td N 3. 157 

F. 

Figures, magnetic, illustrating electrodynamic relations .......... 333 
Films, Plateau’s permanennnũũů sense ener teeeneeee 209 
Fleming, J. A., on the polarization of electrodes in water free from 

fi 16 
Foster, Prof. G. C., on the polarization of heałe. 143 


Fuller, G., on a small electrical machine q Q 83 


348 INDEX. 


G. Page 
Galvanometer, double-wire, as an electrometeͤeãuõun 154 
Gelatine in aqueous solutioo, nnn. 99 
Glycerine in aqueous solutiofkfr nn 93 
Grove's gas-battery ß. e 212 
Gum arabic in aqueous soluti(c nnn. 97 
Guthrie, Prof. F., on a sensitive mercury barometer .............. 140 
, on salt solutions and attached water 1, 53, 87, 271 
, — on the influence of temperature on the passage of air 
through capillary tubes qe 246 
H. 
Heat, polanzation of e asa tan tei senteiGeaesias 143 
Hughes, Prof., on the physical action of the microphone .......... 255 
Hydrate, separation of, from salt solutions, below 0°C........... 53, 87 
Hydrochloric acid, separation of ice from a solution on.... 62 
Hydrogen and sodium tribasic phosphate, separation of ice &c. from 
ier ³ðVͤ 8 8&8 
I. 
, . 171, 199 
, separation of, from salt solutions below OW. 53, 87 
—, specific inductive capacity oki 180 
Images, electrical, application of, to bounded plates 29 
—, „in rectilinear boundarieꝝꝶꝝꝶꝶꝛ . 26 
Interference fringes within the Nicol priggsssdsdd . 18⁵ 
— —, , ⁵ðjͤſ 3 eS ew aa aus ene eae 188 
—— — : general description ã nn 186 
Iris, red-orange and blttũuũuUùiuieiẽeiuukkuukkk . ꝗ . 192 
Iron protosulphate, separation of ice &c. from solutions of ........ 88 
Isosceles triangles, electrical resistance of ...........-.0. eee 43, 49 
L. 
Lead acetate as cryohydrate and eryo gen 274 
—— chloride, electrical properties of ........... e 297 
—— nitrate, separation of ice &c. from solutions of .............. 90 
Light reflected by potassium permanganate ..........000eeeees- 340 
Lockyer, J. N., recent researches in solar chemistry ............. 308 
Lodge, O. J., on some problems connected with the flow of elec- 
tricity m a ; EN 24 
—, on a form of Daniell cell convenient as a standard of elec- 
Wess. ³ð ets 195 
— „on a mechanical illustration of thermo- electric phe- 


S ON 6.555 0g S056 he ꝰ » ði ð ̃̃ ̃ acd ̃ ̃ ß Ra he eg 118 


INDEX. 349 


Page 
Lodge, O. J., on a method of measuring the absolute thermal conduc- 
tivity of crystals and other rare substances e 201 
——, ——, on a modification of Mance’s method of measuring bat- 
tery resistancgsde C — . 146 
M. 
Machine, a small electrical L SsL ss 4 ꝗ . 83 
Magnesium sulphate, hydrated, separation of, from its solutions . 65 
Magnetic figures illustrating electrodynamic relations eee 33 
Mance’s method of measuring battery resistance, on a modifica- 
fl..“ ⁵³ð / ian ewes 145 
Mercury barometer, a sensitive .....sessesesssseseesserseoseess 140 
cyanide as cryohydrate and eryogeee n 277 
Metachromatic seas ees eeews 112 
Metals in the sun: | ] ³] xß« TTT. eee ent a wena 314 
Microphone, physical action of ta 255 
Nillar, W. J., on the transmission of vocal and other sounds by 
N om ere wee ame Ris wei 202 
M-. y, H. F., on Grove's gas-battery......... cece cece E ees 212 
N. 
Nicol prism, interference fringes within tz enenezLz.ez ... ͥ 186 
O. 
Organic colloids, mixtures of. ......... ccc cece secre ener ꝗ 99 
—— crystalloids in aqueous solutiool,-ſ¶.“ꝰ˖rUUU eU cee es 92 
Orifices, the discharge of water from ......... 0c cece eee ee eeees 325 
P. 
Perry, Prof. J., and Ayrton, Prof. W. E., on ice as an electrolyte 171, 199 
Phenomena of induced electric sparkͤꝶããã . . 102 
„thermo: electric, mechanical illustration . 118 
Physical action of the microphone æ . 255 
points connected with the telephone ....................4. 224 
Plateau’s films, permanenWuꝶu᷑iʒuʒ . q . 209 
Polarization of electrodes in water free from air..............00-. 15 
OF NCOs coup ere ieee et aweae say eek Peete eaa haces rel 148 
Potassium acetate, separation of ice &c. from solutions of ........ 91 
and ammonium, mixed chlorides of, as cryohydrates and 
SSJ§éẽ,y:yhnr.r᷑?³ j 6 


and sodium, mixed chlorides of, as cryohydrate and cryogen.. 6 
—— and sodium, mixed nitrates of, as cryohydrate and cryogen.... 6, 6 
bromide, anhydrous, separation of, from its solutions 
ferricyanide as cryohydrate and cryugen........... 000 seas 275 
—— ferrocyanide as cryohydrate and cryogen ...... e 275 


350 INDEX. 


Page 
Potassium hydrate as cryogenKnnxnnnn‚dzddzꝑ 273 
—— iodide, anhydrous, separation of, from its solutions SEET 63 
—— nitrate, anhydrous, separation of, from its solutions .......... 60 
oxalate as cryohydrate and cryogen .........-.sseeevcees 276 
—— permanganate as cryohydrate and cryogen......... e 27 
—— —, absorption spectrum boaPPÿKEBEbß e eens E ere 3H 
— —, light reflected bᷣ j ꝑ . 310 
— —, reflection spectra ofVPUN U UU 3⁴² 
— —, surface-colours oꝶ PPP. q .ͤ 341 
— sulphate and ammonium chloride as a eryohydrate wages Caine 18 
——- —— and sodium chloride as acryohydrate ............2: 12 
—— —— and sodium nitrate, comparison between a mixture of, 
and of potassium nitrate and sodium sulphate as cryohydrates 
Grid e “” ereauwee dst a aa tases 11 
Preece, W. H., on some physical points connected with the telephone 224 
Problems connected with the flow of electricity in a plane 24 
R. 
Radiation, case when exterior, is preventmeleie 205 
Rectilinear figures, electrical resistance of .......... ee. ese e cease 30 
Reflection spectra of potassium permanganate............0...000 342 
Reflexion, conditions of total. ..... 0. ccc cece cece cece . 188 
Resistance-expression, electrical, for two poless 42 
—— measurements, battery, in generaassssũũ sl qq 145 
Resonators, brass wind instruments ass coves 261 
Right-angled triangles, electrical resistance oc·ꝶßßn .. 51 
8. 
Salt solutions and attached wateõeeõ rr q . 1, 53, 87, 271 
— , correlation between the boiling and glaciation f. 69 
Salts, mixed, as cryogens and cryohydrates............0eeseeeees 4 
—, mixtures of, separation of ice from solutions of ............ 74 
Sector, circular, electrical resistance of AqJqieq — k— . 40 
Selective bees 8 110 
Silver and ammonium, nitrates of, separation of ice from solu- 
1! FWAyyAVVhVyhVV—TWWWJV0VV— T T es 75 
—— cryohydrate, separation of, from its solution 66 
—— nitrate, anhydrous, separation of, from its solution .......... 66 
Soda hyposulphite as cryohydrate and cryogen ........... eee eta 277 
Sodium acetate, separation of ice &c. from solutions of............ 91 
—— and ammonium, mixed sulphates of, as cryohydrates and 
ceryogeene ndnd à 9 
— and hydrogen tribasic phosphate, separation of ice &c. from 
solutions ,,,. nee anewalameenuwes S 


and potassium, mixed chlorides and mixed nitrates of, as eryo- 
hydrate and cryogenꝑ e 5,6 


INDEX. 351 


i Page 
Sodium chloride, separation of, from its solutions ................ 59 
— and potassium sulphate as a eryohyd rate 12 

fluoride as cryohydrate and eryogee nnn 277 
—— iodide, further examination iii.. 76 


nitrate and potassium sulphate, comparison between a mixture 
of, and of potassium nitrate and sodium sulphate as cryohydrates 


Saen... ð ects 11 
— nitrate, separation of ice &c. from solutions of .............. 89 
Solar chemistry, researches iind 3 . 308 
Sounds, transmission of, by wires PETERE EE E eee aes E 292 
Sparks, electric, phenomena of induced ............ aaa teya 102 
Spectra, five orders of) . q 117 

reflection, of potassium permangan ate 342 
Squares, electrical resistance ]lůuwꝝ̃i . 3 Q . 51 
Strip, electrical resistance of auᷓ?m d ꝛ7 eee tween eens . 38 
Strontium and barium, mixed nitrates of, as cryohydrates and 

CTY ORENS <p ß enna sg abe ema nae 8 
— hydrate as cryohydrate and cryogen .......-.ceeeceee eens 271 

nitrate, separation of ice &c. from solution ßß 90 
Structural absorption S09 si nnn a ea tes ead eas 112 
Subcryohydrate, separation of, from its solutionaaaa 59 
Sun, metals in the ...... CTE ee EE E er ee ee ee 314 
Surface-colours of potassium permanganate ..........0 ee ceeeeee 341 

T. 
Tartaric acid in aqueous solution 94 
Telephone: applicationꝶs Ert e cent eee eneee 228 

as A detector orriei patara unina EN pEr ste aes AESA 226 
— as a source of electricittTiyůůůhůhů e 224 
——, improvements in tgꝶꝶᷣ-ꝛd·ꝛO UP ꝓ ete eect eesceaen 227 
—, physical points connected with the ...........eeeeeeees . 224 
——,, Working tee 4 ee ee T 227 
Temperature, curves oofbhk . . 207 


— , influence of, on the passage of air through capillary tubes. 246 
Thermal conduction through a cylinder inserted between metal rods.. 203 
conductivity, absolute, of crystals and other rare substances .. 201 
Thermoelectric currents, produchen: of, in wires subjected to me- 

hani. ð y ole eG venas 236 
—— phenomena, mechanical illustration C 118 
Thompson, S. P., on some phenomena of induced electric sparks.... 102 
, —, on the chromatic aberration of the eye in relation to the 


perception of distan cd. 157 
—, „on interference fringes within the Nicol prim. 185 
——, ——, on permanent Plateau's films ᷣPU77— . . 209 


7 
Transverse abserpt ia oh awk Peed sake Gena a 111 


„on magnetic figures illustrating electrodynamie relations. 333 


352 INDEX. 


Page 
Triangles, equilateral, isosceles, and right-angled, electrical resistance 
ee pts d EE 43, 46, 49, 51 
Tunzelmann, G. W. von, on the production of thermoelectric cur- 
rents in wires subjected to mechanical strains 236 
U. 
Unwin, Prof. W. C., on the discharge of water from orifices at dif- 
ferent temperatures. Sine Soman 325 
Urea, nitrate of, as cryohydrate and cryogen..............0.00es 276 
V. 
Vocal sounds, transmission of, by wires . 292 
W. 
Water, attached, and salt solutionsꝶ .. 1, 53, 87, 271 
——, chromatic value of other media tnjaaꝶ n . 287 
, separation of, from crystalline solids in currents of dry air.... 281 
„tho discharge of, from ori ficessssnwnœmnnzze eee eee eee 325 
Wave-apparatus, a new form of, suitable for a lecture-room........ 21 
Waves, two plane, apparatus to illustrate the interference of ...... 182 
Wedge, electrical potential in aq 00. . ꝗ . 41 
—, resistance ??? wea hee weed sedesi 8 35 
Wind instruments, brass, as resonators «1.6... 0... eee ee eee es 261 
Wires, production of thermoelectric currents in, subjected to me- 
e icsee cheese eae ok eis i Gis wea ee gama aes eae 
——,, transmission of sounds by .......... cece eee eee eee ees 202 
Woodward, C. J., on a new form of wave-apparatus suitable for the 
lecture-roopEmmwmwwmwmw 500. „ ree a ere ror 21 
—, , on an apparatus to illustrate the interference of two plane 
Waves i Mee Ae Recs E ay: 182 
Z. 
Zinc acetate as cryohydrate and eryogeũũ n 277 
—— and potassium sulphate as cryohydrate and eryogen canoe Pe 274 


Printed by TAYLOR and Francis, Red Lion Court, Fleet Street. 


PROCEEDINGS 


AT THE 


MEETINGS OF THE PHYSICAL SOCIETY 


OF LONDON. 


SESSION 1877-78. 


Ordinary Meetings. 


February 3rd, 1877. 
Prof. G. C. Foster, F. R. S., President, in the Chair. 
The following were elected Members of the Society :— 
J. NORMAN Lockyer, F. R. S. 
Hon. Members: A. Cornu; P. J. C. JANSSEN. 


The following paper was read :— 
“On Vortex Motion.“ By Prof. Ossorxe RETNOLps. 


— — 


February 17th, 1877. 
Prof. W. G. Apams, F. R. S., Vice-President, in the Chair. 
The following was elected a Member of the Society :— 
T. W. Pars. 
The following papers were read :— 
“On Apparatus to illustrate Wave- motion.“ By C. J. Woupwarp. 


“On Galvanometers in the form of Lantern-slides.” By S. P. 
Tnoursox. 


hee eh 


Ç. H a CE 
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„On the Vapour-tension of Combined Water.” By Dr. F. 


GUTHRIE. 
“On the Distribution of Electricity in Non-conductors.” By 


Dr. F. GurkRIE. 


March 3rd, 1877. 
Prof. G. C. Foster, F. R. S., President, in the Chair. 


The following were elected Members of the Society :— 
P. Le Neve TosrER, M. A.; J. A. FLEMING. 


The following papers were read :— 

On the Polarization of Heat.“ By Prof. G. C. Foster. 

“On an Arrangement of Thomson's Galvanometer for showing 
Small Deflections to an Audience.“ By Latimer CLARK. 

“ On a Modified Form of the Holtz Machine.” By W. J. WILSON. 


March 17th, 1877. 


Prof. G. C. Foster, F. R. S., President, in the Chair. 
The following was elected a Member of the Society :— 
W. 8. Sxarox. 


The following papers were read :— 

On the Stratifications in Vacuum-tubes.” By W. SPOTTISWOODE. 

“On a Modification of Mance’s Method for determining the 
Resistance of a Galvanic Battery.” By O. J. Lopes. 

On the Theory of the Photographic Image.” By Capt. AX Er. 


April 14th, 1877. 
Prof. G. C. Fosrer, F. R. S., President, in the Chair. 
The following papers were read :— 


“ On a Portable Calorimeter.“ By Dr. E. J. Mitts. 
„On a New Half-prism Spectroscope.” By W. H. M. CnRisrix. 


April 28th, 1877. 
Prof. G. C. Fos TER, F. R. S., President, in the Chair. 


The following papers were read :— 
“ On Selective Absorption.“ By W. Ack ROD. 
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„On the Composition of Rectangular Motions, and on a Method 
of Measuring the Velocity of Machinery.” By Prof. McLeon. 


May 12th, 1877. 
Prof. G. C. Fosrer, F. R. S., President, in the Chair. 


The following were elected Members of the Society :— 


Capt. R. G. Scorr, R. E.; Dr. FRANRKLAxD, F.R.S.; W. H. M. 
CRRISTIx, M. A., F. R. A. S.; Lieut. Darwi, R. E.; Capt. ARMSTRONG, 
R. E.; H. F. MokLET, B. A.; A. Weiss. 


The following papers were read :— 


„On the Achromatism of the Eye in reference to the Perception 
of Distance.” By S. P. THompson, 

„On the Acoustical Phenomena accompanying the rapid rotation 
of a Vibrating Tuning-fork.” By S. P. Taompson. 


May 26th, 1877. 
Prof. G. C. Foster, F. R. S., President, in the Chair. 
The following were elected Members of the Society :— 


W. T. Tuiserton Dygr, M.A., B.Sc.; Dr. H. DR BVUs, F. R. S.; 


Lieut.-Col. CAMPBELL, of Blytheswood; Capt. G. Sare, R. E.; 
WILLIAI Jack, M. A. 
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The following papers were read :— 


“ On a Divided-Slit Spectroscope.” By Lieut.-Col. CAMPBELL. 
“ On Ice as an Electrolyte.” By Profs. ArRrox and Perry. 


June 9th, 1877. 
Prof. G. C. Foster, F. R. S., President, in the Chair. 
The following were elected Members of the Society :— 
W. H. Norracorr; L. J. WHALLEY. 
The following paper was read :— | 


“On the Interference Fringes in a Nicol’s Prism.“ By S. P. 
THOMPSON. 
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June 23rd, 1877. 
Prof. G. C. Foster, F.R.S., President, in the Chair. 
The following papers were read :— 


On the Adaptation to Clifton’s Optical Bench of Melloni’s Ap- 
paratus, and on an Arrangement for showing the Interference of 
Light by Thick Plates.” By Prof. W. G. Apams. 

“ On the Electrical Diagnosis of Metals.“ By Dr. GUTHRIE and 
W. AcKROYD. 


November 3rd, 1877. 
Prof. G. C. Foster, F. R. S., President, in the Chair. 


The following was elected a Member of the Society :— 
A. JESSEMAN, 


The following papers were read :— 


„On Experiments to determine the Exact Number of Vibrations 
of Tuning- forks by means of the Apparatus already exhibited to the 
Society.“ By Prof. H. ML Eop. 

Exhibition of Artificial Gems recently prepared by M. Feil. 
By Dr. Hueerns. 

“ On Ice as an Electrolyte.” (Continued.) By Profs. Argtox 
and PERRY. 

“On a Simple Apparatus for showing the Interference of two 
Plane Waves.” By Dr. F. GUTHRIE. 


November 17th, 1877. 
Dr. W. H. Stone, Vice-President, in the Chair. 
The following paper was read :— 


“On a Simple Form of Guard-ring Electrometer for Absolute 
Measurements.” By Prof. G. C. Foster. 


December Ist, 1877. 
Prof. G. C. Foster, F. R. S., President, in the Chair. 
The following paper was read :— 
Lecture on the Telephone. By Prof. A. Ga HAM BELL. 
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December 15th, 1877. 
Prof. G. C. Foster, F. R. S., President, in the Chair. 
The following were elected Members of the Society :— 
J. W. Crank: J. M. Cameron; H. N. Moserey, M. A., F. R. S.; 


The Rt. Hon. Lon D RATLEIeRH, M. A., F. R. S.; H. T. Woon; W. N. 
Srocker, M. A.; Prof. W. E. Arkrow; J. E. Jupsox, B. A. 


The following papers were read :— 

‘On Permanent Plateau’s Films.” By S. P. Tuoxpson. 

On the Colours exhibited by Vibrating Soap-films.” By Szpiry 
TAYLOR. 


January 19th, 1878. 
Prof. G. C. Foster, F.R.S., President, in the Chair. 


The following were elected Members of the Society :— 


Lieut. G. S. CLARKE, R. E.; J. F. IskIIx, M. A.; J. AxeRLL]; J. W. 
RvusseLL, M. A. 


The following papers were read :— 


* On the Physical Theory of the Telephone.” By W. H. Preece. 
„On a Method of Measuring the Absolute Thermal Conductivity 
of Rare Substances.” By Dr. O. J. Lopez. 


Annual General Meeting. 
February 2nd, 1878. 
Prof. G. C. Foster, F.R.S., President, in the Chair. 


The following Report of the Council was read by the President :— 


The Council is again able to view with satisfaction the position 
and prospects of the Society. 

The number of Members has risen from 201 at the date of the 
last Annual Meeting to 232 at the present time. 

The papers and communications submitted to the Society have 
been nearly as numerous as in 1876. In the past year, however, 
the Society owes no less than nine of the thirty-five papers to the 
energy of two of its Members ; and although the Council is not un- 
mindful of the value and interest of the subjects brought forward, 
it would strongly urge that the continued success of the Society 
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must in a great measure depend on the active support of each indi- 
vidual Member. 

The Society is aware that the Council have undertaken, with the 
sanction of his representatives, to publish a collected edition of the 
scientific papers of the late Sir Charles Wheatstone. The printing 
of the papers is now approaching its completion, and the Council 
has pleasure in communicating to the Society the following Report 
presented to them by the Committee charged with superintending 
the publication :— 


Report of the Committee for Reprinting Sir Charles 
Wheatstone’s Papers. 


“The Committee have the satisfaction of reporting to the Council 
that this work is now nearly finished. Eighteen sheets are in type, 
and the remaining matter, amounting to three or four sheets more, 
is now in the hands of the printer. 

“The Committee found much greater difficulty than they ex- 
pected in obtaining copies of some of the papers; and owing mainly 
to this circumstance the work has occupied a much longer time than 
it was expected to take. The Committee, however, hope to be able 
to issue the volume very shortly.” 


It was resolved that a circular notice, embodying a proposal from 
the Council with reference to the translation of papers and mono- 
graphs which have appeared in Foreign Journals, should be sent to 
each Member of the Society, and to certain other persons who might 
also afford valuable information and advice. 

The subjoined Report has been presented to the Council in rela- 
tion to the replies elicited by this circular, and is now communicated 
to the Society :— 


“ Report of the Committee on proposed Reprinting of 
Scientific Papers. 


ec The following circular was sent out to all the Members of the 
Physical Society, and to about 100 other scientific men selected from 
the list of the Royal Society :— 


“ Dear 812,—The Physical Society of London has appointed a Committee, 
consisting of the Presipert Prof. G. C. Foster, Prof. W. G. Apams, and 
Dr. ATKinson, to gather information and report upon a proposal for issuing to 
its Members translations from foreign languages of important contributions to 
Physical Science. 
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It is thought that the Society might with advantage devote some portion of 
its funds to supplying its Members in this way with Papers which might not 
otherwise be easily accessible to them. 

„It is not proposed that in the choice of Papers for translation the Com- 
mittee should necessarily be limited to contemporary physical literature; but 
that, in addition to recent Papers distinguished for the novelty and importance 
of the results recorded in them, whether experimental or theoretical, or for the 
excellence of the methods described, attention should also be given to Memoirs, 
irrespective of the date of their publication, which have exerted a prominent 
and lasting influence on the development of Physics. Selections from Text- 
books, or other systematio works, in which some important subject is excep- 
tionally well treated, might also be occasionally included. 

“The Translations would be printed uniformly with the Proceedings of the 
Society, but would be paged separately, and, if the experiment were successful, 
would ultimately result in one or more volumes similar to ‘ Taylor’s Scientific 
Memoirs.’ The extent to which the scheme may be carried out will, however, 
naturally depend very greatly upon the amount of support it may receive. 

„The Committee would be glad to be favoured with your opinion as to the 
utility of this undertaking, and more especially with any suggestions as to 
suitable materials for their selection. 

„Please address any reply to Dr. Arkixsox, Portesbery Hill, Camberley, 
Farnborough Station. 


“We are, 
“ Yours faithfully, 
„G. C. Foster. 
„W. G. Abus. 
“ E. ATKINSON. 


“ November 1877. 


Up to the present date about twenty replies have been received; 
with few exceptions they express decided approval of the general 
scheme indicated in the circular, and we have received several offers 
of pecuniary assistance towards carrying it out. 

«The only decided objection that has been raised is one based on 
the idea that the scheme will not pay, and that any funds which the 
Society can spare for such a purpose would be better spent in pro- 
moting the acquisition of new knowledge by paying for original 
research. It may be replied to this that the scheme is not put 
forth as one likely to be self-supporting, but rather as a legitimate 
and useful object on which to spend some portion of the Society's 
funds ; and that any money which the Society could devote to pur- 
poses of research would be a very insignificant addition to the funds 
already available for this purpose from other sources. 

„Considering the replies as a whole, the Committee feel fully 
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justified in recommending the Council to proceed with the scheme; 
but the precise form which it should assume is obviously a matter 
calling for careful consideration. 

„Some of those who have sent the most detailed replies to the 
circular have suggested undertakings on the part of the Society 
which, if they could be properly carried out, would unquestionably 
be of high value; but none of these suggestions appear to the Com- 
mittee to be as practicable as the plan indicated in the circular. 

For example, it has been proposed that the Society should 
undertake the preparation and publication of a series of Tables of 
Physical Constants. Such a work would undoubtedly be of great 
value if prepared with sufficient care and knowledge, and on a 
sufficiently comprehensive scale. But it would require ampler 
funds than are at the disposal of the Society, at any rate for the 
present, and would involve a greater amount of personal labour and 
supervision than the Society can command for such a purpose. 

„It has also been suggested that the Society should publish ex- 
haustive digests of the work that has been done in connexion with 
special Physical Problems—such, for instance, as the determination 
of the velocity of sound, or of the mechanical equivalent of heat, or 
of the absolute unit of electrical resistance. In this case, again, the 
Committee, while fully recognizing the great utility which work of 
the kind proposed would possess, hardly see how it could be effi- 
ciently carried out otherwise than as an individual literary effort, 
which the Society would not have any special power of furthering. 

“ The plan of action suggested in the circular does not seem to 
the Committee to be open to these objections to the same degree ; 
and an important point in its favour is the ease with which the 
scale of operations could be adjusted to the funds which the Society 
may from time to time be able to devote to this purpose. 

The Treasurer thinks that with its present number of Members 
the Society might under ordinary circumstances afford to spend 
about £50 a year in this way. The Committee estimate that for 
this sum from six to eight sheets of matter might be issued to the 
Members. It is probable, however, that owing to the considerable 
outlay incurred for registering the Society, and to the cost of re- 
printing Sir Charles Wheatstone’s papers, the Society may not be in 
a position to spend much this year. But it must be remembered 
that these are not recurring expenses.” 

The Council propose to take action, in general accordance with the 
above recommendations, at as carly a date as may be practicable. 
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On the 28th of April the Committee appointed to take measures 
for the legal Incorporation of the Society reported progress; and on 
the 9th of June a Special General Meeting was held to consider the 
changes in the Bye-Laws rendered necessary by the requirements 
of the Board of Trade. On the 23rd of the same month the amended 
Bye-Laws were finally approved by the Socicty. The papers have 
since been forwarded to the Board of Trade, and have been accepted 
by that Department without change, a result which the Council 
cannot but feel is in no small measure due to the valuable sugges- 
tions and carefully considered criticisms of two Members of the 
Society—Mr. CHaNxRLL Law and Mr. Franx Crisp. 

The Board of Trade has recently granted to the Society a Certifi- 
cate of Incorporation ; and this General Mecting is held, as the law 
directs, within four months of the Registration of the Society. 

The Council need hardly recall the advantages which accrue from 
Registration; but it would again point out that if this important 
step had not been taken the liability of the Members would have 
been unlimited, and the Society would have been unable to hold 
property or to recover debts. 

The question of altering the time of meeting has again been 
anxiously discussed by the Council; and during the present year a 
formal opportunity will be afforded to each of the Members of ex- 
pressing an opinion as to the desirability of a change. 

The Council has determined to form the nucleus of a Library 
by expending a certain sum annually in the purchase of periodicals, 
and donations of books are invited. The thanks of the Society are 
already due to Prof. Gurarie for copies of the works of Boyle and 
of Bacon, and to Prof. REIxoIp for a copy of Newton's Principia.’ 

Several foreign and other publications have also been received 
during tho past year, and the thanks of the Society have been 
-offered to the respective donors. Among these may be mentioned 
one from our distinguished Honorary Member M. Cornv, namely, 
a volume of the Annuaire de l'Observatoire de Paris,’ containing 
a detailed account of his recent remarkable experiments for tho 
determination of the velocity of light. 

Last year the Council determined to put in force the section of 
the Bye-Laws which relates to Honorary Members. Although the 
youthfulness of the Society caused the Council to hesitate for a time 
before taking this step, all were convinced that the two distinguished 
men who were elected last year would appreciate close relations 
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with us, as both had shown their sympathy by reading papers at 
our Meetings. With regard to the two illustrious physicists whose 
names are submitted to you to day, the Council could not but feel 
that they might seck alliance with men to whom Honorary Mem- 
bership is the only tribute of respect we are able as a body to 
offer, 

The Council propose to avail themselves at an early date of their 
power to recommend, as an ex-officio Member of the Society, the 
President of the Physical Society of Paris. 

Our grateful thanks are due to the Lords of the Committce of 
Council of Education not only, as heretofore, for permission to hold 
oar Mectings in the Science Schools, but also for the loan of the 
Theatre of the South Kensington Museum on the occasion of Prof. 
Graham Bell’s lecture. The application for the use of the Theatre 
was made on our behalf by Major Festing, R.E., to whom, as well 
as to the officers of the Museum, we are indebted for the excellent 
arrangements which contributed so largely to the success of the 
meeting. 


The Treasurer presented the audited Balance-sheet, and the 
Society then proceeded to the election of the Council and Officers 
for the ensuing year, and for Honorary Members. Prof. 8. P. 
THomrson and Mr. W. Conrap Cook were appointed Scrutators. 
The following gentlemen were declared duly elected :— 


President.—Prof. W. G. Apams, M. A., F. R. S. 


Vice-Presidents.— Dr. J. H. GLA DS TONE, F. R. S.; Prof. G. C. FosrR, 
F. R. S.; Prof. R. B. Currron, M. A., F. R. S.; W. Sprorriswoopr, 
LL. D., F. R. S.; W. H. Strong, M. B., F. R. C. P.; Sir WILLIAM Tirousox, 
LL. D., F. R. S. 


Secretaries.— Prof. A. W. RRINOLD, M. A.; W. CHANDLER ROBERTS, 
F. R. S. 


Treasurer. — Dr. E. ATKINSON. 
Demonstrator.— Prof. F. Gurn kik, Ph. D., F. R. S. 


Other Members of Council.—Capt. W. de W. Asner, R. E., F. R. S.: 
Prof. W. F. Barrett, F. R. S. E.; Major E. R. Feste, R. E.: 
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W. Huearns, D.C. L., F. R. S.: Prof. A. B. W. Kennepy, C. E.; O. J. 
Lover, D. Sc.; Prof. H. M“. LOD; The Earl of Ross, D. C. L., F. R. S.; 
Prof. W. C. Unwin, B. Se.; R. WonuxELI, D. Sc. 


Honorary Members. — Prof. Hyrmann Lupwie FERDINAND HELM- 
HOLTZ; Prof. WILHELM EDUARD WEBER. 


After the names had been announced from the Chair, votes of 
thanks were proposed: — to the PRISIDEN TH; to the Lords of the Com- 
mittee of Council on Education; to the DEMONSTRATOR, TREASURER, 
and SECRETARIES, 
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